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The plasma membrane mediates many signaling pathways that lead to 
countless physiological functions for survival. Hence, we need a good 
understanding of plasma membrane organization in order to look into these 
pathways in greater detail. However, the organization of the plasma membrane 
is very complex. It displays high level of heterogeneity down to nanoscopic 
scales. In vivo optical techniques are still lacking in such high spatial 
resolution, hence researchers turn to diffusion-based techniques to probe 
membrane organization. One such technique is imaging total internal 
reflection-fluorescence correlation spectroscopy (ITIR-FCS), which allows for 
the measurement of membrane lateral diffusion over a large area up to 900 
µm
2
 with millisecond temporal resolution.  
The first chapter serves as a general introduction to plasma membrane 
organization, which is the main subject of investigation in this thesis. Physical 
aspects like packing and fluidity that result from differential plasma membrane 
composition are discussed. In addition, three models of plasma membrane 
organization are presented, which describes certain structures of the plasma 
membrane in greater detail.  
The second chapter delineates the various techniques that are used in the study 
of plasma membranes. Particular emphasis is placed on the description of 
FCS, the main concept behind the technique used in this thesis. The theory, 
instrumental set-up and ITIR-FCS protocols for data acquisition and 
processing are also found in this chapter. The last part addresses the imaging 
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FCS diffusion law, which serves as a tool to detect the model of membrane 
organization (free, domain partitioning or meshwork) using lateral diffusion 
data obtained through ITIR-FCS.  
Chapter three looks at plasma membrane organization in different types of live 
cells (HeLa, SH-SY5Y, WI-38, CHO-K1 and RBL) using ITIR-FCS. The 
diffusion coefficients of two different phase-specific membrane probes (DiI-
C18 and GFP-GPI) are measured at 4 K intervals from 298 to 310 K.  Next, 
Arrhenius activation energy is calculated from the diffusion coefficients 
obtained and its magnitude serves as an indication of the level of lipid 
packing. Lastly, the imaging FCS diffusion law analysis was done to identify 
the mode of membrane organization through the mode of diffusion probed by 
the marker.  
In collaboration with Luc Veya and Professor Vogel (École Polytechnique 
Fédérale de Lausanne, Switzerland), chapter four explores the dynamics and 
organization of the neurokinin-1 receptor before and after activation by its 
agonist, Substance P. The binding mechanism of Substance P to the 
neurokinin-1 receptor on the plasma membrane of HEK-293 cells – whether it 
binds directly to the receptor from the bulk solution or to the membrane first 
before binding to the receptor – is also addressed in this chapter.  
Lastly, the final chapter gives a general conclusion to wrap up this thesis.   
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1 INTRODUCTION TO PLASMA MEMBRANE ORGANIZATION 
There are many different types of membranes in cells, such as the nuclear and 
plasma membrane. Some of these membranes form cell organelles like the 
mitochondria and Golgi apparatus. In this thesis, we look at the plasma 
membrane. As a partially permeable barrier, only selected substances 
including small polar molecules would be able to diffuse through the plasma 
membrane, allowing it to regulate the transport of substances into and out of 
the cell (1). The plasma membrane also serves to protect the cell from its 
surroundings and possibly play an essential role in stress response through the 
activation of specific signal transduction pathways in membrane and protein 
homeostasis (2, 3). 
1.1 Properties of the plasma membrane 
1.1.1 Chemical properties 
All membranes comprise primarily of three classes of compounds – lipids, 
proteins and carbohydrates. Lipids form the majority, with most of them being 
phospholipids and also, sterols. Carbohydrates would usually take the form of 
carbohydrate chains bound to lipids or proteins to form glycolipids or 
glycoproteins. At least half of the proteins in a cell are associated with the 
plasma membrane (4). They can either be found embedded in the lipid bilayer 
(intrinsic or integral proteins) or loosely associated on the membrane surface 
(extrinsic or peripheral proteins).  
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Lipids, being amphiphilic, have a hydrophilic section (the polar “head”) and a 
hydrophobic section (the non-polar hydrocarbon “tail”). In an aqueous 
environment, the amphiphilic property drives them to self-assemble. This 
outcome stems from the hydrophobic effect, where entropy is the driving 
force. When a non-polar molecule is transferred from a non-polar medium to a 
polar medium, it triggers the reorientation of water molecules. This results in a 
hydrogen-bonded network enclosing the non-polar molecule in a cavity, where 
the net ordering of water molecules leads to a loss of entropy. To combat this 
loss of entropy, the non-polar molecules will aggregate to minimize the 
surface area so as to reduce the free energy of the system, thus stabilizing it 
(5). Different types of lipid structures can be formed, depending on the lipid 
structure. The formation of a planar bilayer for membranes is effected due to 
the bulky headgroup of phospholipids (6, 7).  
The plasma membrane is a bilayer that is approximately 4 nm thick (8). There 
is transbilayer asymmetry as the two leaflets differ in chemical composition. 
Phosphotidylcholine (PC), sphingomyelin (SM; part of a larger class called 
sphingolipids) are usually found in larger quantities in the outer or exoplasmic 
leaflet, while phosphatidylethanolamine and phosphatidylserine are mostly 
found in the inner or cytoplasmic leaflet (9). Sterols, specifically cholesterol, 
are postulated to distribute in both leaflets to different extents and play a large 
role in modulating membrane fluidity (10). The structures of the 
aforementioned lipids are shown in Fig 1.1. In addition to transbilayer 
asymmetry, lateral asymmetry also contributes to membrane heterogeneity, 
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where specialized membrane regions such as caveolae and membrane rafts 
form in the plane of the bilayer (1). 
 
Figure 1.1. Structures of various lipids in the plasma membrane, including 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS), sphingomyelin, and cholesterol. Adapted 
from (11) with permission of The Royal Society of Chemistry 
(DOI: 10.1039/C2JM32016A).  
The cytoskeleton also plays an important role in the stabilization of the plasma 
membrane. It is made up of a protein called actin and is found approximately 
0.8 nm below the cytosolic leaflet of the plasma membrane (8). It covers the 
entire cytoplasmic face and interacts extensively with membrane proteins and 
domains (12). Research has shown that the removal of the actin cytoskeleton 
causes parts of the membrane to blow up like a balloon and form membrane 
blebs (13), demonstrating its role in the support of the plasma membrane. This 
actin network underlying the plasma membrane has also been proposed to play 
4 
 
a role in the organization of membrane proteins and structures such as 
caveolae and clathrin-coated pits (14).  
The composition of the plasma membrane is modulated in response to 
extracellular changes such as temperature (15, 16). Membrane proteins will 
denature and aggregate if subjected to extreme heat and pH conditions, leading 
to the loss of their function. Therefore, such chemical modulation is required 
to maintain the functions of the plasma membrane like cell signaling (1). 
Numerous diseases have also been linked to changes in membrane lipid 
composition (summarized in Table 1 of (17)), which further highlights the 
importance of structure-function relationship of the plasma membrane. 
1.1.2 Physical properties 
Model membrane systems such as supported lipid bilayers (SLBs) and giant 
unilamellar vesicles (GUVs) (18, 19) have been used to artificially simulate 
biological plasma membranes. Early experiments have revealed that two 
extreme phases exist in one-component SLBs (20). At low temperatures, the 
lipid bilayer exists in the gel or solid-ordered (So) state. In the So state, lipids 
pack in a tight manner with long-range order. Raising the temperature past the 
characteristic melting point of the lipid bilayer (Tm) will result in a transition 
to the fluid or liquid-disordered (Ld) state. In the Ld phase, lipids pack loosely 
with short-range order. At room temperature, the two phases can coexist in a 
binary mixture of saturated (or gel) lipids and unsaturated (or fluid) lipids to 
form a So-Ld system. As shown in Fig 1.2, the addition of cholesterol to 
saturated and unsaturated lipids in ternary lipid mixtures induces an 
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intermediate phase called the liquid-ordered (Lo) phase (21). Cholesterol 
modulates membrane fluidity by introducing short-range order in the Ld phase 
and disrupting long-range order in the So phase (22), leading to the creation of 
an intermediate Lo phase (23). The Lo phase still retains substantial fluidity 
from the fluid phase and yet there also exists high level of lipid order and 
packing at the same time (10). However, there remain large differences in lipid 
lateral mobility in the Ld and Lo phases such that the diffusion coefficient of 
the former is at least twice the value of the latter (24). The driving force 
behind phase separation and the formation of the Lo phase remains debatable, 
but one possibility is hydrophobic mismatch. Differences in hydrocarbon 
chain length are postulated to drive the separation of two phases (25) so as to 
lower the resulting line tension from hydrophobic mismatch between the 
cholesterol, sphingolipid-rich Lo phase and the surrounding phospholipid-rich 





Figure 1.2. Phases of lipid mixtures containing saturated lipids (blue), 
unsaturated lipids (red) and cholesterol (black). Upon the addition of 
cholesterol, the single phase systems (left and right) tend towards the 
intermediate Lo phase. On the other hand, cholesterol, with a preference to 
associate with saturated lipids, will cause a So-Ld system to transit to a Lo-Ld 
system (middle).  
Lateral diffusion in lipid bilayers can be described by the ‘Free Area Model’, 
which is the direct extrapolation of the Free Volume Theory in a gas (27) to a 
two-dimensional plane. It can be broken down into three stages. Firstly, a 
transient void is generated in the lipid matrix by thermal density fluctuations. 
After which, a neighbouring lipid hops into the void, leaving a hole in its 
original position. Another neighbouring lipid will hop into the newly-created 
hole so as to stabilize the lipid bilayer and the same process repeats. In 
addition to lateral diffusion in the plane of the bilayer, transverse diffusion or 
flip-flop of a molecule can occur from one leaflet to another. However, this 
flip-flop occurs much more slowly (about 10
9
 times slower) than lateral 
diffusion. The immensely slow flip-flop of lipids and especially the bulkier 
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proteins is the reason that membrane transbilayer asymmetry could be 
preserved for long periods of time (28).  
Lipid diffusion is influenced by membrane viscosity. Membrane viscosity is 
dependent on the chemical composition of the plasma membrane (29), which 
mainly refers to the unique proportion of unsaturated lipids, saturated lipids 
and cholesterol. When unsaturated lipids that constitute the bulk of the Ld 
phase are assembled, the kinks in the hydrocarbon tails disrupt any long range 
order and close packing (21). In contrast, saturated lipids and cholesterol 
molecules pack tightly to give rise to greater order of lipids that is 
characteristic of the Lo phase (10). Therefore, the Ld phase is less viscous than 
the Lo phase. Moreover, greater packing of lipids will reduce any available 
free area in the lipid bilayer, causing diffusion to slow down (30). This is 
supported by a study which showed that the introduction of more cholesterol 
into bilayers comprising of high-melting DPPC and cholesterol caused a fall in 
diffusion rate due to the reduction of available area per molecule (31). 
Therefore, low membrane viscosity coupled with loose packing contributes to 
higher lateral diffusion coefficients for the Ld phase than the Lo phase.  
1.2 Models of plasma membrane organization 
1.2.1 Fluid Mosaic Model 
The Fluid Mosaic Model, introduced by Singer and Nicholson in 1972, 
describes cell membranes as a mosaic structure of lipids and proteins. In this 
model, intercalated proteins diffuse freely in the fluid lipid bilayer matrix (32). 
The Fluid Mosaic Model is a milestone in the study of cell membranes as it 
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provided a basic outline of membrane structure while addressing membrane 
dynamics using experimental data and thermodynamics available then. Two 
major consequences came out of this hypothesis – firstly, there is an absence 
of long-range order on the order of hundreds of nanometres or greater in the 
membrane, while the presence of short-range order is not excluded; secondly, 
lipids in native cell membranes under physiological conditions are in a fluid 
state instead of a crystalline gel state.  Despite being celebrated as one of the 
most successful general depictions of a cell membrane (33), the Fluid Mosaic 
Model is still inadequate in explaining observations from advanced 
biochemical and biophysical studies on various biological membranes in the 
following years (34). Therefore, other membrane models have been introduced 
based on new evidence, such as the ‘lipid raft’ model (35) and ‘picket-fence’ 
model (36). 
1.2.2 Lipid raft model  
Simons and Ikonen gave the initial lipid raft hypothesis in 1997 (35). They 
proposed that sphingolipids and cholesterol molecules associate together to 
form dynamic nano- to micro-scale domains called ‘rafts’ in the lipid bilayer. 
These domains were also proposed to function as platforms for membrane 
trafficking. Sphingolipids were assumed to cluster together with cholesterol 
molecules, which act as spacers to fill any voids between the sphingolipids. 
Proteins such as glycosylphosphatidylinositol (GPI)-anchored proteins that 
were discovered to associate with these sphingolipid-cholesterol rafts through 
biochemical studies (37, 38) were established to be raft-associated. More 
recent evidence suggested that a fraction of GPI-anchored proteins exist as 
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cholesterol-dependent nanoclusters (smaller than 5 nm) on the plasma 
membrane (39). In general, sphingolipids possess saturated hydrophobic 
chains, while the hydrocarbon chains of the surrounding phospholipids have at 
least one double-bond in their hydrocarbon chains (40). Hence, sphingolipids 
pack more closely together and domains are considered to constitute the Lo 
phase in a fluid Ld phospholipid medium in the plasma membrane (41). 
Caveolae, a subset of lipid rafts, refer to invaginations at the plasma 
membrane that consists of clusters of caveolin, glycosphingolipids and 
cholesterol (42). In this thesis, we refer to Lo domains as a collective term that 
includes lipid rafts. 
Since 1997, advances in the field of membrane study have provided new 
evidence such that improvisations in the lipid raft hypothesis have to be made. 
As such, lipid rafts in the membrane are now defined to be transient, dynamic, 
nanoscale, ordered assemblies of lipids and proteins are that enriched in 
sphingolipids and sterols (Fig 1.3a). They can be induced to merge and form 
larger raft domains that are more stable through the formation of specific 
interactions among proteins and lipids (Fig 1.3b) (43). In Fig 1.3c, large 
microscale raft ‘phases’ are proposed to form at equilibrium based on studies 
involving model membranes (20, 44), giant plasma membrane vesicles 
(GPMVs) (45, 46) and plasma membrane spheres (PMSs) (47). However, 
biological membranes are at a non-equilibrium state (48), thus we do not 
observe such raft phases in native plasma membranes in vivo.  
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Although the main function proposed for membrane rafts is signal 
transduction (35), other functions for these transient assemblies have been 
proposed. They can be implicated in virus budding in viruses such as influenza 
(49) and human immunodeficiency virus (HIV) (50), where a lipid raft domain 
is organized around the viral nucleocapsid to exclude most of the host cell 
surface proteins from the budding viral envelope (43). Some proteins might 
also need to associate with domains in order to undergo the required 
conformational changes and carry out their function (43). For example, the 
conformation of the human epidermal growth factor receptor underwent 
allosteric changes after binding to the ganglioside GM3, a raft lipid (51). In 
addition, the formation of stable oligomer rafts, dependent on the presence of 





Figure 1.3. Raft-based membrane heterogeneity. (a) Nanoscale assemblies 
comprising of sphingolipids (including sphingomyelin and glycosphingolipids 
(GSL)), cholesterol and proteins form in the membrane, where they differ in 
composition for individual assemblies. Other raft components could include 
GPI-anchored proteins, transmembrane raft proteins and acylated proteins. 
These nanoscale assemblies are postulated to be modulated by the presence of 
the actin cytoskeleton lying underneath the membrane. (b) Raft platforms 
could form in response to external stimuli or the initiation of cell signaling 
events. Lipid-lipid, lipid-protein and protein-protein interactions are the main 
driving forces for raft formation. (c) Larger microscale assemblies termed as 
the raft ‘phase’ could form at equilibrium. Such structures were observed in 
artificial GUVs, GPMVs and PMSs derived from cells. Adapted from (43) by 
permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell 
Biology, copyright 2010 (doi:10.1038/nrm2977).  
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1.2.3 Picket fence model 
Kusumi and Sako first pointed out the constraining effects that the 
cytoskeleton impose on membrane protein dynamics through single-particle 
tracking studies (14). They showed that transmembrane proteins undergo free 
diffusion within a compartment and ‘hop’ from one compartment to another at 
a slower frequency, causing diffusion in the long-range to slow down by a 
factor of 30. It was further proven that the disruption of the actin cytoskeleton 
influences both long-range and short-range diffusion (53).  This goes to show 
that the plasma membrane is compartmentalized by the underlying membrane 
cytoskeleton, and this model was termed the “membrane-skeleton fence 
model”. 
Subsequently, it was found that phospholipid movement is modulated by the 
actin cytoskeleton (12, 54), even though the cytoskeleton on the inner leaflet 
should not interact with the outer leaflet phospholipids. In response, the 
“anchored-protein picket model” was proposed (36), where transmembrane 
proteins anchored to the cytoskeleton act as rows of pickets that hinder 






2 TECHNIQUES USED IN THE STUDY OF PLASMA MEMBRANE 
ORGANIZATION 
2.1 Biochemical techniques 
Brown and Rose first achieved the successful isolation of GPI-anchored 
proteins using detergent extraction, where the proteins were found in the low-
density, detergent-insoluble fraction of the cell lysate that was enriched in 
glycosphingolipids and cholesterol (55). This prompted the widespread use of 
detergents in extracting and identifying lipid raft components (35, 56). 
However, the use of detergents has been contested against with the reasons 
that these detergents can influence the fraction or induce the coalescence of 
these Lo domains (57). Moreover, the composition of the extracted detergent-
resistant membrane can differ depending on the detergent used, adding to the 
complications of using detergents to identify a common membrane 
organizational structure (58). 
2.2 Biophysical techniques 
The invention of technology has given rise to many physical techniques that 
are utilized in the detection and study of plasma membrane organization. In 
order to determine the structure of the plasma membrane accurately, 
techniques with increasingly high spatial and temporal resolutions are 
continuously sought after by researchers.  
2.2.1 Imaging techniques 
In order to look at the organization of the plasma membrane, microscopy can 
be used to directly image the biological bilayer. Some common microscopic 
techniques to look at the structure of the plasma membrane include electron 
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microscopy, confocal microscopy and total internal reflection microscopy.  
Although transmission electron microscopy (TEM) has superb spatial 
resolution down to tens of nanometres, it requires the cell sample to be 
subjected to cryogenic conditions and cut to thin slices of less than 500 nm 
(59). Although plasma membrane sheets can be obtained from cultured cells 
for direct imaging (60, 61), TEM cannot be used to study live plasma 
membranes. This is especially crucial in the investigation of transient 
membrane domains and cryogenic conditions could influence the original 
membrane organizational structure. Therefore, fluorescence microscopic 
techniques are often utilized for in vivo imaging despite the lower spatial 
resolution. One example is confocal fluorescence microscopy that adopts a 
pinhole aperture to eliminate any out-of-focus light in the image plane. This 
reduces the background, providing an added advantage over its wide-field 
counterpart. In addition to conferring relatively high spatial and temporal 
resolution, confocal microscopy allows for optical sectioning and three-
dimensional image reconstruction. However, its axial resolution is poor (about 
three to five times) compared to its lateral resolution (62). Hence, total internal 
reflection fluorescence (TIRF) microscopy is more attractive, especially for 
plasma membrane studies as it only illuminates a thin section of 
approximately 100 nm from the coverslip surface, producing images with 
higher signal-to-noise (S/N) ratio. This is due to the conditions of TIR, which 
is achieved when the incidence angle is made greater than the critical angle. In 
this case, unlike epifluorescence (Fig 2.1A), light is not able to propagate from 
the medium of higher refractive index (n2) to the medium of lower refractive 
index (n1) and is internally reflected as shown in Fig 2.1B (63). The electrical 
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field from the resulting internally reflected light ray produces an evanescent 
wave in the medium of lower refractive index, whose intensity falls 
exponentially. Thus, this evanescent wave only illuminates a thin layer of 
approximately 100 nm along the axial direction, removing most of the 
background from the rest of the cell and leads to higher S/N ratio and axial 
resolution (64). In spite of the higher spatial resolution, TIR microscopy 
remains to be limited in temporal resolution that is determined by the 
acquisition speed of the camera detector (65).  
 
Figure 2.1. Schematic illustrating the physical concept behind epifluorescence 
and TIRF. (A) In epifluorescence, the excitation beam travels through the 
cover slip and sample, illuminating the entire sample. (B) In TIRF, the 
excitation beam enters at an angle  greater than the critical angle c, causing 
the excitation beam to be reflected off the surface of the cover slip. This 
produces an evanescent wave on the other side of the cover slip, which only 
illuminates a thin section (100 nm) of the sample from the cover slip, where 
n1 < n2.  Adapted from (63) with permission from Journal of Cell Science 
(doi: 10.1242/jcs.056218).  
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The fluorescent microscopic techniques mentioned above are diffraction-
limited, hence they are unable to resolve anything below 200 nm, not to 
mention nanoscale plasma membrane structures. Therefore, super-resolution 
fluorescence imaging techniques are developed to overcome this limitation 
(66, 67). Some of these methods include photoactivated localization 
microscopy (PALM) (68, 69), stochastic optical reconstruction microscopy 
(STORM) (70) and stimulated emission depletion (STED) fluorescence 
microscopy (71). PALM and STORM are not commonly used in mapping 
membrane domains (72). Meanwhile, domains seem to be under the resolution 
of STED microscopy, hinting that they are generally smaller than 20 nm (73, 
74). 
2.2.2 Mobility-based techniques 
Since structural features of the plasma membrane are under the diffraction 
limit, indirect mobility-based methods have been utilized in the study of 
plasma membrane organization. Dynamic processes such as the lateral 
diffusion of proteins and lipids in the plasma membrane are dependent on the 
underlying membrane organization, thus researchers often study membrane 
organization through the measurement of membrane dynamics.  
One common technique employed in the study of translational movement of 
fluorescent particles in biological membranes is fluorescence recovery after 
photobleaching (FRAP) (75). It involves photobleaching a region-of-interest 
(ROI) using a high power laser. After which, the ROI is observed for 
fluorescence recovery, whereby the faster the diffusion rate of the 
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fluorophores, the steeper the fluorescence recovery curve (62). However, other 
factors complicate the computation of the diffusion rate from the fluorescence 
recovery curve, such as temporary associations of the fluorophore with 
membrane structures, barriers to diffusion in the membrane and higher order 
oligomers that form from the fluorophores (76). Instead of taking an average 
over many particles like FRAP, single particle tracking (SPT) tracks 
individual trajectories of diffusing particles. Therefore, it proves to be more 
superior to the aforementioned bulk technique in terms of its higher spatial 
resolution (77). Nevertheless, despite its status as a single-molecule technique, 
limitations such as low S/N ratios and compromised trajectories of 
photodamaged fluorophores from long measurement times (78) have deterred 
researchers from using SPT. 
2.2.2.1 Fluorescence correlation spectroscopy 
Fluorescence correlation spectroscopy (FCS) is a popular technique to 
measure lateral diffusion in live cell membranes (79). As SPT requires much 
time to acquire sufficient data with good statistical accuracy (30), FCS was 
introduced as an single-molecule sensitive alternative in 1972 (80) that offers 
fast statistical data treatment. When a fluorescent particle travels across an 
observation volume (derived from a pinhole in confocal FCS), fluctuations in 
fluorescence intensity are registered. These intensity fluctuations contain 
information on the residence time of the fluorescent particle in the observation 
volume, which can be quantified in terms of an autocorrelation function 
(ACF). This is achieved by taking the temporal average of the correlation – the 
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overlap of a signal at time t with itself after a lag time () at t  – and 











                       
[2-1] 
where represents the temporal average, )()()( tFtFtF  refers to the 
fluorescence fluctuations around the mean intensity, t is the actual time,  is 
the lag time or correlation time and  G is the ACF as a function of . The 
entire series of ACFs are then plotted with respect to  to give the 
characteristic autocorrelation curve of the fluorescent particle, from which the 
diffusion time (D) can be extracted. This diffusion time is defined as the 
average time taken by the particle to travel across the observation volume with 
beam waist, 0 (81).  The diffusion coefficient (D) can then be determined 





0               [2-2] 
Although both FRAP and FCS are bulk methods that average over many 
particles, FCS does not require high laser powers (thus reduce photodamage to 
cell sample) and allows for immediate output with quick data analysis (82). 
However, there is one major drawback associated with confocal FCS, which is 
the high background contributed by scattering, autofluorescence or undesired 
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fluorophores from nonspecific labeling. This results in low S/N ratio and 
hence poor ACFs (62). Therefore, a variant of FCS that combines TIR and 
FCS with the use of a camera as the detector called imaging total internal 
reflection-fluorescence correlation spectroscopy (ITIR-FCS) serves as a better 
alternative for plasma membrane studies. 
2.2.2.2 ITIR-FCS 
First introduced by Kannan et al. in 2007 (83), ITIR-FCS utilizes an 
evanescent wave to illuminate a thin section of the cell that is adhered to a 
glass cover slip. The sample fluorescence is then imaged on the electron 
multiplying charge-coupled device or EMCCD chip over a set period of time. 
In this thesis, a ROI of 21 x 21 pixels is selected, allowing for 441 pixels to be 
measured simultaneously. With this, we can measure spatial heterogeneity and 
monitor membrane processes (such as diffusion) in real time. After which, the 
fluorescence fluctuations are correlated in time to obtain one temporal ACF 
for each pixel. Lastly, these ACFs are fitted with a mathematical model to 
generate the D map (Fig 2.2). The concept of TIR illumination was previously 
explained in section 2.2.1, where a higher S/N ratio is achieved because bulk 
of the cytosol that contributes to background fluorescence is not illuminated. 
Hence, TIR techniques are useful for plasma membrane studies as the lower 
plasma membrane of adhered cells can be imaged or measured well in 
comparison to wide-field illumination techniques. Instead of point detectors 
like avalanche photodiodes or photomultiplier tubes, an array detector – 
EMCCD camera – is used. Therefore, multiplexing can be performed such that 
a large membrane area of  25 µm2 can be measured in real time to derive a 
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diffusion map. An EMMCD camera also boasts of good qualities such as a 
high quantum efficiency of up to 90 %, single-molecule efficiency (83) and 
good time resolutions down to 20 µs (84). ITIR-FCS also offers an additional 
advantage over conventional FCS methods in that no calibration is required 
(85). In contrast to confocal FCS where the observation volume and0 is 
unknown, the observation area for ITIR-FCS can be determined accurately 
from our knowledge of the pixel size of the camera and the point spread 
function of the objective (86).  
 




2.2.2.2.1 ITIR-FCS instrumentation 
A simple instrumental set-up is shown in Fig 2.3. Measurements were done on 
an objective type TIRF microscope (IX-71; Olympus, Singapore) with a high 
numerical aperture (NA) oil immersion objective (PlanApo, 100, NA 1.45; 
Olympus, Singapore) and an EMCCD camera (Andor iXON 860, 128128 
pixels, pixel size 0.24 m; Andor Technology, US) that was installed on the 
side port of the microscope. Excitation light from a laser source (488 nm 
(Sectra-Physics Lasers, Mountain View, CA, US) or 532 nm laser (Cobolt 
Samba, Sweden)) was introduced to the microscope by a combination of two 
tilting mirrors. The light was focused on the back focal plane of the objective 
after being reflected by the dichroic mirror (DM). Total internal reflection was 
achieved in the glass-water interface by controlling the incident angle of the 
excitation beam using the same combination of tilting mirrors. The following 
DM sets were used for the experiments in this thesis − 495LP (Omega) and 
Z488/532RPC (Semrock) for 488 nm and 532 nm excitation respectively. The 
immersion medium used for the objective was mineral oil (Olympus, 
refractive index 1.516 at 23 C). The fluorescence from the sample was passed 
through the objective and subsequently transmitted through the dichroic 
mirror. Eventually, it was imaged on the CCD chip of a back-illuminated 
EMCCD camera after being filtered by the specific emission filter. Andor 
Solis for Imaging (versions 4.18.30004.0 and 4.24.30004.0) was the software 




Figure 2.3. Instrumental set-up of ITIR-FCS  (Figure by Liu Ping).  
2.2.2.2.2 ITIR-FCS data acquisition and processing 
A ROI of 21  21 pixels (5  5 m2 in the sample plane) was highlighted on 
the cell, where 50, 000 frames were taken and saved as a 16-bit Tiff file. The 
image stack was then processed using ImFCS, an Igor Pro (Wavemetrics, 
Lake Oswego, OR) based home-written software (87). The ACFs for all pixels 
in the image were calculated using a multi-tau correlation scheme. In the case 
of bleaching, there were options for bleach correction, either by a sliding 
window or an exponential fit. Lastly, each ACF was fitted with the model 

































































    [2-3] 
where 𝐺(𝜏)is the ACF as a function of the correlation time (), N is the 
number of particles, a is the pixel size and 𝜔𝑜  is the 1/e
2
 radius of the 
Gaussian approximation of the microscope point spread function. The fitting 
parameters were N, D and G∞. 
2.2.2.2.3 Imaging FCS diffusion law 
Wawrezinieck and colleagues proposed the FCS diffusion law in 2005 to 
provide a simple means to identify the type of membrane organization through 
the mode of membrane diffusion by plotting the spatial dependence of 
diffusion time (D) on the effective volume (88). Three types of diffusion can 
be differentiated, namely free diffusion, domain or raft partitioning and 
meshwork diffusion. This approach was adapted for 2D imaging FCS (89), 
whereby instead of volume, we find the effective or observation area (Aeff) and 
draw the diffusion law plots using equation 2-4 below (86). ITIR-FCS makes 
the collection of data for imaging FCS diffusion law analysis simple because 
binning, a post-acquisition step of grouping pixels, can be done. Therefore, the 
need for multiple measurements with different detection areas is eliminated 
(86), which reduces sample exposure to the laser and thus photodamage. 
𝜏𝐷(𝐴𝑒𝑓𝑓) =  𝜏0 +  
𝐴𝑒𝑓𝑓
𝐷
    [2-4] 
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From the FCS diffusion law plot obtained, only one parameter is of interest – 
the y-intercept (0). Its sign would indicate the mode of membrane diffusion, 
while the magnitude reveals the extent of membrane heterogeneity (or 
confinement in the case of domain partitioning).  
For a homogenous medium such as the Ld phase, the particle diffuses at the 
same rate throughout the entire region (Fig 2.4A, red squares). Alternatively, 
we can describe the particle as undergoing free diffusion. In this case, D is 
independent of Aeff and D is linearly proportional to Aeff. In a diffusion law 
plot of D against Aeff, the resulting graph is a straight line that passes through 
zero as exemplified by the red dotted line in Fig 2.4D. However, the system 
deviates from linear dependence if it is heterogeneous and there are obstacles 
to diffusion in the form of domains or the actin cytoskeleton. As a result, the 
diffusion law plots will produce non-zero y-intercepts (86). For meshwork 
diffusion, the lipid molecule can diffuse freely in the compartment enclosed by 
the mesh as highlighted by the cyan square in Fig 2.4B. When it encounters 
the mesh, the lipid will undergo hop diffusion and slow down. Looking at the 
diffusion coefficients of a small area (Dmicro) and a large area (Dmacro), the 
former will be larger than the latter. This is because a larger area encompasses 
more mesh (blue square, Fig 2.4B), causing Dmacro to be smaller than Dmicro. 
When presented in a diffusion law plot where D is given by the inverse of the 
slope (equation 2-4), the slope at smaller observation areas (cyan line, Fig 
2.4D) is gentler than that at larger observation areas (blue line, Fig 2.4D). On 
the other hand, in the case of domain partitioning, where the domains are Lo 
regions (grey region, Fig 2.4C) that are more viscous than the surrounding Ld 
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phase (white region, Fig 2.4C), diffusion is slowed down in these membrane 
domains. Assuming that a smaller observation area is within a domain (red 
square, Fig 2.4C), Dmicro will be smaller than Dmacro as the larger area spans 
both the Lo and Ld regions (green square, Fig 2.4C). This translates to a 
steeper slope at smaller observation areas (red line, Fig 2.4D) and a gentler 
slope at larger observation areas (green line, Fig 2.4D) in a diffusion law plot.  
 
Figure 2.4. Principle of imaging FCS diffusion law. (A) Free diffusion; (B) 
Meshwork diffusion; (C) Domain or raft partitioning; (D) FCS diffusion law 
plots for the three different diffusion modes. Adapted from (90), a Ph.D. thesis 
from the National University of Singapore.  
However, these membrane structures are below the resolution limit of 200 nm 
due to limitations posed by optical diffraction. For instance, membrane 
nanodomains are postulated to be lower than 20 nm in size  (73, 74). The 
observation areas that are obtained over the course of measurement are much 
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larger, on the scale of hundreds of nanometres (pixel size of camera used is 
240 nm). Therefore, we extrapolate the graphs to the y-axis as shown in Fig 
2.4D by the dotted lines. With that, meshwork diffusion and domain 
partitioning will give negative and positive0 values respectively (91). At this 
point, it is noted that multiple organizational features exist in the plasma 
membrane at the same time. However, most of the time, the probe (lipid or 
protein) used follows one of the mentioned organizational modes depending 
on their structure and function. For example, TfR-GFP and FL-GM1 were used 
as standard probes in the validation of the FCS diffusion law for meshwork 
and membrane domains respectively (88). The imaging FCS diffusion law is a 
useful tool to probe nanoscale membrane organization even with diffraction-







3 TEMPERATURE DEPENDENCE OF DYNAMICS AND 
ORGANIZATION IN VARIOUS LIVE CELL PLASMA 
MEMBRANES 
3.1 Introduction 
The organization of the plasma membrane is widely debated, especially 
regarding the existence of domains, which were originally proposed to be 
transient assemblies of sphingolipids, cholesterol and proteins on the plasma 
membrane that serve as important signaling platforms for membrane 
trafficking (35, 43). In this model, domains are assumed to be in the liquid-
ordered or Lo phase (40), where high-melting sphingolipids are the major lipid 
class which packs more tightly in comparison to the surrounding liquid-
disordered or Ld phase. These domains are found to be highly enriched in 
cholesterol in comparison to the surrounding membrane matrix (92, 93). A 
wide range of different domains can be formed depending on their exact 
composition (94–96). The complexity of the plasma membrane organization is 
further complicated by the dissimilar membrane lipid and protein composition 
of different cell types (97) and the existence of the cytoskeleton, whose 
interaction with the membrane can alter its dynamics and organization (14). 
This renders the creation of a common general profile difficult. Lateral 
heterogeneity in cell membranes has been attributed to the dynamic assembly 
of these transient entities (98). The resulting domains are typically much 
smaller than the optical diffraction limit, and the word “phases” in this work 
refers to a system in non-equilibrium where there are coexisting lipid 
environments of discrete physical and chemical properties (99). The formation 
of these ordered domains in live cells is not the result of lipid phase separation 
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which is a macroscopic effect observed in model membranes (100) and giant 
plasma membrane vesicles (45). Instead, it is attributed to lipid and protein 
interactions in the highly complex biological media (101). Due to the small 
domain sizes, their existence has been hotly debated. Numerous reports show 
these domains to be nanoscopic entities that are generally less than 20 nm (73, 
102–104). Moreover, direct evidence for their existence has been reported 
through the discovery of distinct lipid populations. Electron spin resonance 
spectra has revealed that spin-labelled lipids exhibit distinct order parameters 
and rotational diffusion coefficients that reflect the Ld and Lo phases in live 
plasma membranes (105). Similarly, Owen and colleagues showed the 
presence of two defined lipid phases – Ld and Lo – from fluorescence lifetime 
shifts of order-sensitive dyes in native plasma membranes (106). Since 
domains are below the resolution limit of available imaging techniques, 
including super-resolution microscopy (72), many researchers have explored 
plasma membrane organization through mobility-based techniques that track 
dynamics such as FRAP, SPT or FCS (107). Previously, our group has 
determined the membrane organization of SLBs of different composition by 
temperature-dependent measurements of lipid diffusion (108). Here, this 
method is extended to the plasma membrane of five different cell types (HeLa, 
SH-SY5Y, WI-38, CHO-K1 and RBL) to investigate the naturally occurring 
variation of membrane organization in live systems. The diffusive behavior of 
two commonly used membrane markers are characterized, namely 1,1'-
dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate (DiI-C18), a Ld 
marker (as shown in model (109, 110) and live cell membranes (82, 111)) and 
green fluorescent protein labeled glycosylphosphatidylinositol anchor (GFP-
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GPI), a typical Lo domain probe (as shown in model (112–114) and live cell 
membranes (115, 116)). We focus on the effect of temperature on lipid 
diffusion and membrane composition and support our findings with lipidomic 
analyses of whole cell lipid profiles. 
3.2 Materials and Methods 
3.2.1 Cell culture, staining and transfection 
Five adherent cell lines – human cervical carcinoma (HeLa), neuroblastoma 
(SH-SY5Y), fibroblast (WI-38), Chinese hamster ovary (CHO-K1) and rat 
basophilic leukemia (RBL) – were used. Cells were cultured in DMEM 
(Dulbecco’s Modified Eagle Medium; Invitrogen, Singapore) supplemented 
with 10% FBS (fetal bovine serum; Invitrogen, Singapore) and 1% PS 
(penicillin and streptomycin; PAA Austria) at 37 C in 5% (v/v) CO2 
humidified environment. Cells with passage number greater than 25 were not 
used for experiments, so as to ensure that cells were in their native state.   
For DiI staining, stock DiI solution (C12, C18 from Molecular Probes, 
Invitrogen, Singapore and C22 from Molecular Targeting Technologies, West 
Chester, PA) was diluted to a final concentration of 10nM, 100 nM and 
500nM in HBSS (Hank’s Balanced Salt Solution, Invitrogen) for DiI-C12, DiI-
C18 and DiI-C22 respectively. HBSS was pre-heated to 37 C before use. The 
culture medium (DMEM, 10% FBS and 1% PS) was first removed from the 
well (Nunc Lab-Tek Chambered Coverglass (8-well); Fisher Scientific, 
Singapore) which was seeded with cells beforehand. DiI solution was then 
added to the well and incubated at 37 C for a period of time (5 to 20 
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minutes). At the end of incubation, the cells were washed with imaging 
medium (DMEM with no phenol red (Invitrogen, Singapore) and 10 % FBS) 
at least twice before imaging the cells in fresh imaging medium.  
GFP-GPI plasmid was a kind gift from Dr. John Dangerfield (Anovasia Pte 
Ltd, Singapore). The plasmid was transfected into cells using the NEON 
Transfection System (Invitrogen, Singapore) and plated on glass covered 
dishes (35 mm petri dish, 14 mm Microwell, No. 1.0 coverglass (0.130.16 
mm), MatTek Corporation, US) containing cell culture medium (DMEM and 
10% FBS). After 20 to 48 hours, the cells were washed with imaging medium 
twice before imaging the cells in fresh medium. 
3.2.2 Drug treatment 
MCD (Methyl--cyclodextrin; Sigma-Aldrich, Singapore) and latrunculin A 
(Sigma-Aldrich, Singapore) solutions were prepared by dissolving in PBS 
(phosphate-buffered saline; Fluka Biochemicals, Singapore) and further 
diluted with imaging medium to make final concentrations of 3 mM and 3 M 
respectively. 
3.2.3 Temperature control and temperature dependence measurements 
An incubator (Live Cell Instrument, CU-109, Chamlide, Seoul, Korea) and a 
CO2/Air gas chamber (Live Cell Instrument, FC-5, Chamlide, Seoul, Korea) 
were fitted on the stage of the TIRF microscope to control temperature and 
CO2 level respectively. Measurements at four different temperatures (298 K, 
302 K, 306 K and 310 K) were done. When the actual temperature had 
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reached the set value, measurements were taken after an equilibration time of 
30 minutes. For each temperature, 2 to 3 measurements were taken on the 
same cell. Experiments were repeated for at least three samples for one cell 
line. 
3.2.4 Determination of Arrhenius activation energy 
With reference to the free area theory (27) explained in section 1.1.2, lateral 
lipid diffusion occurs by the hopping of lipids into neighbouring voids. Before 
they can hop into another space, there is a need to overcome an energy barrier 
due to the existing lipid-lipid interaction. This energy barrier is given as 
activation energy. Gel lipids would involve a higher activation energy for 
lateral diffusion than fluid lipids because the former are packed more closely 
than the latter. Moreover, lateral diffusion explained in this manner is a 
thermally-activated process. Thus, at higher temperatures, density fluctuation 
in the lipid matrix is greater as molecules gain more energy. Since lipid 
diffusion is dependent on temperature as explained by the free area theory 






      [3-1] 
or in linearized form, 
RT
E
DD Arr 0lnln   [3-2] 
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where D is the diffusion coefficient (m
2
/s), Do is the pre-exponential factor 
(m
2





) and 𝐸𝐴𝑟𝑟 is the Arrhenius activation energy (J/mol). With reference 
to equation 3-2, plotting ln(D) against 1/T produced the Arrhenius plot and 
𝐸𝐴𝑟𝑟 was obtained from the slope.  
3.2.5 Lipidomic Analysis (Conducted by Anjali Gupta in Assoc. Prof. 
Dr. Markus Wenk’s Laboratory with assistance from Dr. Federico 
Torta and Dr. Pradeep Narayanaswamy) 
3.2.5.1 Total lipid extraction 
Cells were washed twice with PBS and centrifuged to get a pellet containing 
approximately 10
6
 cells. The pellet was then resuspended in 100 L of cold 
methanol (or 1:1 Butanol/methanol mixture) containing a mixture of 







erythro-sphingosine (Avanti polar lipids, Alabaster, AL, USA) and dioctanoyl 
phosphatidylinositol (PI; Echelon Biosciences, USA). Cholesterol (d6) was 
purchased from CDN Isotopes (UK). The samples were then centrifuged at 
14000 rpm for 10 min and the supernatant collected was subjected to liquid 




3.2.5.2 Mass spectrometry analysis of total lipid extract 
Quantification of phospholipid and sphingolipid species in each cell line (3 
samples for each cell line) was performed by LC-MSMS (multiple reaction 
monitoring mode, MRM) using a 6460 QQQ (Agilent, Santa Clara, US) mass 
spectrometer, equipped with a 1290 series chromatographic system. Data was 
extracted and quantified using MassHunter Quant Software (Agilent). 
Quantification of cholesterol was performed by LC-MSMS (MRM) using an 
Applied AB Sciex 3200 QTrap mass spectrometer (AB Sciex, Foster City, 
CA, US), equipped with an Agilent HPLC 1100 system. 10 L samples were 
injected into a Agilent Zorbax Eclipse XDB C18 column (i.d. 4.6 mm × 150 
mm) and eluted using chloroform:methanol 1:1 (v/v) as the mobile phase at a 
flow rate of 0.5 mL/min with column temperature of 30 °C. The LC–MS 
instrument was operated in the positive atmospheric pressure chemical 
ionization (APCI) mode with a vaporizer temperature of 500 C, corona 
current of 3 A, and capillary temperature of 250 C. The fragment ions 
resulting from the loss of water at m/z 369 and 375 were monitored as parent 
ions for cholesterol and d6-cholesterol respectively. The collision energy 
ranged from 40 to 45 V. MRM transitions of 369.3→161.0 and 375.3→161.0 
were used for the analysis of cholesterol. Data quantification was performed 
using the ABSciex Analyst software. The abundance of the lipid species of 
interest was reported as the percentage fraction of total lipid by taking the 




The temperature dependence data for DiI-C18 stained HeLa, SH-SY5Y and 
WI-38 cells, and GFP-GPI transfected HeLa cells was taken from Bag et al., 
2014 (108). The temperature dependence data for DiI-C18 stained CHO-K1 
cells, and GFP-GPI transfected SH-SY5Y, WI-38, CHO-K1 and RBL cells 
were experiments conducted in in AY2013/14 for my final year project titled 
“Investigation of Cell Membrane Structure and Organization by Fluorescence 
Correlation Spectroscopy”. 
Cell samples were incubated at each temperature for 30 minutes before 
making any measurements. Further experiments were carried out to see if 
results would differ if incubation time was longer. We found that there were 
no significant differences in the values of D and o when the incubation time 
went from 30 minutes to 24 hours for the same sample (Fig 3.1). Therefore, 
physical changes in the plasma membrane can be sufficiently detected after a 
short incubation time of 30 minutes. Moreover, no significant change in cell 
morphology is observed over the start and end of the temperature ramp, other 
than some visible photobleaching and some bright vesicles that emerged over 





Figure 3.1. Prolonged incubation of transfected SH-SY5Y cells with GFP-
GPI. Change in (A) average D, and (B) average 0 recorded with respect to 
incubation time. Cells were measured at 310 K at the start (0 h) before 
lowering to 298 K. Measurements were taken at 298 K at incubation times of 
0.5 h and from 12 h to 24 h at 2 h intervals. Values shown are averaged over 
4-6 cells at each time interval, where error bars indicate the standard deviation 
(SD).  
 
Figure 3.2. TIRF images of CHO-K1 and RBL cells labelled with the two 
probes, DiI-C18 (top) and GFP-GPI (bottom) in separate experiments. No 
significant change in cell morphology is observed over the start and end of the 
temperature ramp other than photobleaching and emergence of vesicles over 
the course of incubation.  
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3.3.1 Measurement of temperature-dependent lipid dynamics 
Lateral diffusion of DiI-C18 and GFP-GPI in the plasma membrane of 5 
different cell lines was measured over a temperature range from 298 K to 310 
K and quantified in terms of D. Individual D values are obtained from the 
spatial average of 441 pixels (21 × 21 pixel area). Data is reported by pooling 
all cell measurements, typically at least 3 cells, for a particular cell line. It 
should be noted that cell-to-cell variability in each cell line is small (Fig 3.3) 
and single cell comparisons between cell lines show the same trend as pooled 
data.  
 
Figure 3.3. Cell heterogeneity within the same cell line (CHO-K1). (A) 
Diffusion coefficients (D) and (B) diffusion law intercepts (0) for all cells 
probed with DiI-C18 (open circles) and GFP-GPI (solid circles) at each 
temperature. Error bars are left out for better visualization but SDs are in the 
range of 20 to 70 %.  
From Fig 3.4, it is evident that there is an increasing trend of D with 
temperature, exemplifying the temperature dependence of probe diffusion 
regardless of the lipid environment. Notably, the error bars for GFP-GPI in Fig 
3.4B are larger than those for DiI-C18 in Fig 3.4A. This is in support of a 
higher level of heterogeneity in the Lo domains as compared to the Ld 
environment, in agreement with the narrow range of diffusion times obtained 
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for non-raft markers as opposed to the wide range displayed by raft markers 
(111). In addition, the diffusion coefficients of DiI-C18 are at least a factor of 3 
larger than those of GFP-GPI at each temperature. This is in line with the 
postulation of Lo domains being more viscous than Ld domains in unilamellar 
vesicles (118, 119).   
Among the different cell lines, we observe that DiI-C18 exhibits the largest D 
values in SH-SY5Y plasma membranes across the entire temperature ramp, 
while the other four cell lines have similar diffusion coefficients (Fig 3.4A, 
Table 3-1). On the other hand, the diffusion coefficients of GFP-GPI are in the 





Figure 3.4. Temperature dependence of (A) DiI-C18 and (B) GFP-GPI 
diffusion in live cell plasma membranes of HeLa, SH-SY5Y, WI-38, CHO-K1 
and RBL cells over the temperature range of 298 K to 310 K, where D at each 






















































































Table 3-1. Temperature dependence of DiI-C18 and GFP-GPI lateral diffusion 
in live cells. Given as DT K at T K (mean ± SD), number of ACFs (NACF) at 
each T with the number of cells measured in brackets, and the Arrhenius 
activation energy values (EArr) for each cell line (mean ± standard error of 
mean (SE)).  
3.3.2 Estimation of lipid packing using Arrhenius activation energies 
In addition to D, the Arrhenius activation energy (EArr) is used to characterize 
plasma membrane diffusion. It is a parameter that quantifies the barrier that 
the probe needs to overcome in order to undergo diffusion and is closely 
related to the organization of membrane lipids. EArr is obtained by measuring 
diffusion at different temperatures and through equation 3-2. Generally, EArr is 
higher for GFP-GPI than DiI-C18, being at least two times greater for all cell 
lines with the exception of RBL as shown in Fig 3.5.  
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Specifically, for DiI-C18, the EArr values of HeLa, WI-38 and CHO-K1 cells 
are very similar (Fig 3.5, dark grey). On the other hand, the values of SH-
SY5Y and RBL cells are evidently lower and higher than the aforementioned 
3 cell lines respectively, with the difference being much more pronounced for 
RBL. In the case of GFP-GPI, the EArr values are similar for all cell lines (Fig 
3.5, light grey). 
 
Figure 3.5. Arrhenius activation energies (EArr) of DiI-C18 (dark grey) and 
GFP-GPI (light grey) diffusion in live cell plasma membranes of HeLa, SH-
SY5Y, WI-38, CHO-K1 and RBL cells, where error bars represent SE.  
3.3.3 Probing plasma membrane organization using the imaging FCS 
diffusion law 
Using imaging FCS diffusion law analysis, o values are obtained to probe 
membrane organization through the mode of diffusion that the marker 
exhibits. For DiI-C18, o values were mostly within the range of ± 0.1 s across 
the entire temperature ramp for HeLa, SH-SY5Y, WI-38 and CHO-K1 cells 
(Fig 3.6A). This indicates that DiI-C18 exhibits free diffusion and is in the Ld 
or fluid regions of the plasma membrane. Moreover, for these four cell lines, 
o does not exhibit any trend with temperature (Fig 3.6A). In the case of GFP-
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GPI, imaging FCS diffusion law analysis affirmed its status as a Lo domain 
marker because positive o values were obtained for all cell lines across the 
entire temperature ramp (Fig 3.6B). In addition, we noticed a falling trend in o 
with temperature. Such a trend is also observed for DiI-C18 stained RBL cells 
(Fig 3.6A), a notable deviation from the other four cell lines. Lastly, we note a 
significant fall in o for all cell lines between 302 K and 306 K (Fig 3.6B) 
(consistently observed in individual cells from each cell line, data not shown).  
 
Figure 3.6. Imaging diffusion law plot intercepts (0) at each temperature 
from 298 K to 310 K of (A) DiI-C18 and (B) GFP-GPI for each cell line, where 
0 at each temperature is pooled and error bars are given by SE.  
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3.3.4 Focus on RBL plasma membranes 
In the case of DiI-C18 diffusion, RBL cells showed clear differences in 
comparison to other cell lines. Despite having DiI-C18 diffusion coefficients 
similar to other cell lines (Fig 3.4A) that were at least 2-3 times larger than 
GFP-GPI diffusion coefficients on the same cell lines (Fig 3.4B), EArr was 
much higher (Fig 3.5). Furthermore, positive intercepts showed a falling trend 
with rising temperature (Fig 3.6A), despite DiI-C18 being a Ld marker (82, 
111).  
In order to investigate whether DiI-C18 localizes in cholesterol-dependent 
domains on RBL plasma membranes, we depleted cholesterol from the plasma 
membrane using MCD. On DiI-C18 stained CHO-K1 cells,  MCD has no 
influence on the D and 0 values (experiments by Shuangru Huang, data not 
shown), consistent with its supposed identity as an Ld marker whose dynamics 
is independent of cholesterol content (111).  However, for RBL cells at 298 K, 
we observed constant D but also a drop in 0 to 0 (± 0.1) s within 5 minutes of 
MCD addition (Fig 3.7B). This drop in diffusion law intercept provides 
evidence that DiI-C18 dynamic behaviour is influenced by the presence of 
cholesterol at lower temperatures. At longer times, 0 increased and remained 
relatively stable after the drop, which is likely due to the replenishment of 
cholesterol from the inner leaflet (120). As a control, we performed MCD 
treatment on GFP-GPI transfected RBL cells. In line with its identity as an Lo 
marker, GFP-GPI should show a clear cholesterol dependence (1). As 
expected, a marked fall in 0 to almost zero was registered around 25 minutes 




Figure 3.7. MCD treatment of RBL cells probed with DiI-C18 and GFP-GPI. 
Drug was added at 0 min. Measurements were taken at fixed time intervals to 
monitor changes in 0 (red) and D (blue) with respect to time, where error bars 
depict SE and SD respectively. (A) Upon administration of MCD at 310 K, 
GFP-GPI transfected cells did not show a significant change in D but a 
marked fall in 0 was registered at approximately 25 minutes. (B) Upon 
administration of MCD at 298 K, DiI-C18 stained cells did not show a 
significant change in D but a marked fall in 0 was registered around 5 
minutes. Data shown is for one representative experiment each. (C) Cell 
images of DiI-C18 stained cells before and after MCD treatment, where no 
change in cell morphology is observed.  
We also carried out an additional drug treatment on DiI-C18 stained RBL cells 
using latrunculin A that disrupts the actin cytoskeleton. At the end of the 
experimental time course, we detected a slight fall and rise in D and 0 
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respectively (Fig 3.8A). This seems to give some indication that DiI-C18 
localization in RBL plasma membranes is dependent on the actin cytoskeleton, 
a direct contrast to CHO-K1 cells, which displayed no changes in either 
parameter upon latrunculin A treatment (experiments by Shuangru Huang, 
data not shown).  
 
Figure 3.8. Latrunculin A treatment of RBL cells probed with DiI-C18. Drug 
was added at 0 min. Measurements were taken at fixed time intervals to 
monitor changes in 0 (red) and D (blue) with respect to time, where error bars 
depict SE and SD respectively. (A) Upon administration of latrunculin A at 
298 K, a slight fall in D and slight increase in 0 was observed at the end of 1 
hour. Data shown is for one representative experiment. (B) Cell images of DiI-
C18 stained cells before and after MCD treatment, where cells were observed 
to have rounded up after latrunculin A treatment, showing that the actin 
cytoskeleton is indeed disrupted.  
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Furthermore, we employed the use of DiI markers of different acyl chain 
lengths, namely 12 and 22. The shorter chain makes DiI-C12 a more probable 
Ld marker than its C18 counterpart (121, 122), while DiI-C22 should have a 
greater preference for the Lo phase due to its longer acyl chain (123). Indeed, 
for DiI-C22, lower D values (Fig 3.9A) and more positive 0 values (Fig 3.9C) 
are obtained across the temperature ramp as compared to DiI-C18. 
Interestingly, DiI-C12 exhibits slower lateral diffusive behaviour across the 
temperature ramp as compared to DiI-C18 (Fig 3.9A). In addition, the diffusion 
law intercepts are generally more positive for DiI-C12 as compared to DiI-C18, 
and they are significantly positive at higher temperatures of 306 K and 310 K 
(Fig 3.9C).  It should also be noted that all three DiI-Cn markers produced the 
same EArr values (Fig 3.9B). Overall, DiI-C12 and DiI-C22 displayed very 





Figure 3.9. Temperature dependence of probe (GFP-GPI, DiI-C18, 12, 22) 
diffusion in live RBL plasma membranes. (A) Diffusion coefficients (D) over 
the temperature range of 298 K to 310 K, where error bars represent SD. (B) 
Mean Arrhenius activation energy values (EArr) for each marker, where error 
bars represent SE. (C) Imaging diffusion law plot intercepts (0) at each 
temperature from 298 K to 310 K and the insert enlarges the section on the 
DiI-Cn markers, where error bars are given by SE. D and 0 at each 











































Table 3-2. Temperature dependence of probe (GFP-GPI, DiI-C18, 12, 22) lateral 
diffusion in live RBL cells. Given as DT K at T K (mean ± SD), number of 
ACFs (NACF) at each T with the number of cells measured in brackets and the 
Arrhenius activation energy values (EArr) for each probe (mean ± SE).  
47 
 
We also carried out MCD treatment on DiI-C12 stained cells at 310 K, since 
DiI-C12 stained cells exhibit positive 0 values at 310 K (Fig 3.9C). A sharp 
drop in 0 to zero (± 0.1 s) was registered at short timescales similar to DiI-C18 
(Fig 3.10A). Hence, it can be concluded that the domains in which DiI-C12 
molecules localize are cholesterol-dependent. Yet, we also observe a 
perplexing fall of D and rise of 0 after 5 minutes (Fig 3.10A). This is different 
from the constant D and 0 portrayed for MCD-treated DiI-C18 stained RBL 
cells at long timescales (Fig 3.7B), suggesting that these two probes localized 







Figure 3.10: MCD treatment of RBL cells probed with DiI-C12. Drug was 
added at 0 min. Measurements were taken at fixed time intervals to monitor 
changes in 0 (red) and D (blue) with respect to time, where error bars depict 
SE and SD respectively. (A) Upon administration of MCD at 310 K, DiI-C12 
stained cells display a marked rise and fall in D and 0 respectively at 
approximately 3 minutes. After the initial change, a falling trend of D and a 
rising trend of 0 and are observed. Data shown is for one representative 
experiment. (B) Cell images of a DiI-C12 stained cell before and after MCD 








3.3.5 Lipidomic analysis of total lipid extract (Conducted by Anjali 
Gupta) 
In order to look at how differential membrane composition across different 
cells affects the physical properties of the membrane, lipidomic analysis on 
total lipid extract was done. Since the two probes used – DiI-C18 and GFP-GPI 
– localize on the outer leaflet of the plasma membrane (124, 125), we 
concentrated on the outer membrane lipids, namely phosphatidylcholine (PC), 
sphingomyelin (SM) and cholesterol (9). 
Looking at total cholesterol levels, it would seem that HeLa, SH-SY5Y and 
CHO-K1 cells have higher cholesterol levels than RBL, followed by WI-38 
(Fig 3.11, top left). Since the ratio of PC to SM can be used as an indicator of 
membrane fluidity (126), PC/SM ratios are calculated and presented in Fig 
3.11 (top right). SH-SY5Y and RBL cells are found to have the highest levels 
of PC relative to SM. Calculation of the ratios of unsaturated to saturated PC 
revealed that CHO-K1 has the highest ratio, followed by SH-SY5Y and the 
other 3 cell lines have similar ratios (Fig 3.11, bottom left). In the same way, 
ratios of unsaturated to saturated SM are determined and RBL was found to 
have much more unsaturated SM to its saturated counterpart, followed by 





Figure 3.11. Lipidomics of total lipid extracts from HeLa, SH-SY5Y, WI-38, 
CHO-K1 and RBL cells. Relative molar fraction of each component in each 
cell line is determined, where peak area of each component is normalized to 
total peak area. Ratios of particular components (PC/SM, 
unsaturated/saturated PC and unsaturated/saturated SM) are calculated and 
presented. Error bars represent SD.  
We also found that the dominating chain length of PC and SM are at 34 
carbons for all cell lines (Fig 3.12, 3.13). We then proceeded to calculate the 
relative ratios of the major chains, namely those with 32 and 36 carbons, 
against the lipids with 34 carbons and presented in Table 3-3. Notably, HeLa 
cells have high levels of PC containing 32 carbons and SH-SY5Y cells have 




Figure 3.12. Relative molar fractions of PC chain lengths categorized 
according to number of carbons for all cell lines used in this study. Error bars 
represent SD.  
 
Figure 3.13. Relative molar fractions of SM chain lengths categorized 
according to number of carbons for all cell lines used in this study. Error bars 
represent SD.  
Cell Line 
PC SM 
C32 C34 C36 C32 C34 C36 
HeLa 1.08 1 0.57 0.08 1 0.02 
SH-SY5Y 0.55 1 0.51 0.02 1 0.74 
WI-38 0.57 1 0.49 0.05 1 0.08 
CHO-K1 0.35 1 0.70 0.03 1 0.01 
RBL 0.79 1 0.59 0.04 1 0.15 
Table 3-3. Relative molar ratios of major PC and SM chains normalized to the 




In this paper, we studied the organization of the plasma membrane by 
measuring lipid dynamics in live cells from various cell lines using ITIR-FCS. 
We used GFP-GPI as a probe for Lo domains that exhibit significantly 
different physical properties from the Ld phase (40), so as to get a more 
complete idea of plasma membrane organization. Nevertheless, we do 
recognize the compositional heterogeneity of domains (94–96) and domains 
probed by GFP-GPI are not representative of all Lo domains in the plasma 
membrane. The rationale for using a GPI-anchored protein is that such 
proteins are most commonly associated with domains (35, 37, 127). Sevcsik 
and colleagues reported otherwise by tracking the diffusion of a probe Chol-
KK114, shown to partition equally in both Ld and Lo phases in GUVs, in 
immobilized clusters of biotinylated GFP antibodies and mGFP-GPI on live 
plasma membranes. The enrichment of mGFP-GPI in these clusters was 
intended to artificially simulate microscale Lo regions in live plasma 
membrane. They showed that there was no difference in mobility whether 
Chol-KK114 diffuse inside or outside these clusters, hence the conclusion that 
GPI-anchored proteins do not reside in Lo domains (128). However, the 
authors seem to have disregarded the bulkiness of mGFP and the GPI anchor, 
which makes it unlikely for tight packing to result and resemble the native, 
transient Lo domains. On the other hand, Honigmann et al. did not observe Lo 
domains down to 20 nm using STED-FCS (74), but they conceded that the 
resolution of current technology might still be too low to observe the plasma 
membrane domains that are smaller than this limit. 
53 
 
3.4.1 Variation in physical properties of the plasma membrane across 
different cell lines 
Diffusion in the plasma membrane is influenced by viscosity and temperature. 
Increasing the temperature speeds up diffusion due to an increase in thermal 
energy as shown by the Stokes-Einstein equation, D = kT/6r, where k is the 
Boltzmann constant,  is viscosity and r is the radius of a spherical particle 
(129). Elevated temperatures also lower the overall order in the plasma 
membrane (130), leading to reduced membrane viscosity and hence overall 
faster diffusion (131). Indeed, we show that increasing temperatures result in 
the progressive increase of diffusion coefficients (Fig 3.4). Cholesterol is also 
assumed to modulate membrane viscosity by effecting the ordering of lipids 
(10). Diffusion coefficients obtained using other techniques agree very well 
with those obtained here. DiI-C18 stained CHO-K1 cells were found to have D 
values of 0.95 ± 0.20 m2/s and 0.99 ± 0.60 m2/s at 295 K using single 
molecule fluorescence tracking (132) and FRAP (133) respectively, very 
similar to the value of 0.93 ± 0.26 m2/s at 298 K obtained using ITIR-FCS 
(Table 3-1). For DiI-C18 stained RBL cells, the D value of 0.83 ± 0.17 m
2
/s at 
298 K measured using confocal FCS (82) correspond well to our data (0.64 ± 
0.21 m2/s). Notably, DiI-C18 diffusion coefficients of SH-SY5Y cells are 
approximately two times larger than those of the other 4 cell lines (Fig 3.4A, 
Table 3-1). Diffusion coefficients are a direct consequence of membrane 
viscosity (134, 135) which is in turn affected by membrane composition. Thus, 
an explanation can be suggested by lipidomics results. The PC/SM ratio 
correlates negatively with membrane viscosity (126), while increasing 
amounts of unsaturated lipids will lower membrane viscosity (136). Meder et 
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al. established that a lower D will result if the percolating fluid phase has a 
large number of Lo domains (99), for instance a membrane with a low PC/SM 
ratio. From Fig 3.11, only SH-SY5Y produces both high PC/SM and high 
unsaturated/saturated PC ratios, which likely explains the high diffusion 
coefficients of DiI-C18 in SH-SY5Y plasma membranes. D values of DiI-C18 
are higher than those of GFP-GPI (Fig 3.4, Table 3-1), which is reasonable 
considering that the Lo domains that GFP-GPI localize in more viscous. This 
has also been reflected in model membranes, where D of the Ld phase is at 
least two times larger than that of the Lo phase (108). It is important to note 
that the standard deviations for GFP-GPI are much larger than DiI-C18 (Fig 
3.4), which is due to the high level of heterogeneity in Lo domains which are 
more complex than the fluid Ld domains as explained previously.  
From the free area model (117), lipids require energy to diffuse when they hop 
into a neighbouring free void created by thermal density fluctuations. 
Therefore, an energy barrier or activation energy is associated with the process 
(137). Since lipid diffusion is dependent on temperature, we are able to 
describe it using the Arrhenius equation and determine the Arrhenius 
activation energy. The magnitude of this parameter is primarily dependent on 
the packing of lipids as shown by bilayer studies. In bilayer studies, depletion 
of cholesterol from a Lo-Ld system led to a rise in activation energy, which 
likely resulted from the greater packing of gel lipids in the presence of less 
cholesterol (108).  From Fig 3.5, in the case of the Ld phase probed by DiI-C18, 
it is apparent that EArr of SH-SY5Y is considerably lower than HeLa, WI-38 
and CHO-K1. Since lipid packing correlates with membrane viscosity, the low 
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membrane viscosity established for SH-SY5Y from its high D (Fig 3.4A) 
should be a factor that results in more relaxed lipid packing in the Ld phase. 
Moreover, with reference to a previous study by Bag et al., EArr of SH-SY5Y 
mirrors that of a DOPC bilayer (17.66 ± 3.10 kJ/mol) comprising of fluid 
lipids which represents the Ld phase. On the other hand, EArr values of HeLa, 
WI-38 and CHO-K1 cells are close to that of a ternary DOPC:DPPC:Chol 
bilayer (27.97 ± 2.10 kJ/mol) which represents the Lo-Ld system (108). 
Therefore, SH-SY5Y cells probably have less and/or smaller domains in the 
plasma membrane as compared to HeLa, WI-38 and CHO-K1 cells, which is 
supported by its high PC/SM ratio (Fig 3.11, top right) that translates to a high 
Ld/Lo proportion. However, a very different case was observed for RBL cells, 
where EArr is almost twice as large (51.1 ± 1.2 kJ/mol) compared to HeLa, WI-
38 and CHO-K1 cells (Fig 3.5, Table 3-1). Such high EArr value is closer to 
DOPC:DPPC bilayers (57.75 ± 11.70 kJ/mol) that represent solid-ordered-
liquid-disordered (So-Ld) systems (108). In application to live cell membranes, 
the high EArr is more likely to be an indication that DiI-C18 partitioned into a 
region of high lipid order and/or packing in RBL plasma membranes, a stark 
contrast from the other cell lines in this study. This will be addressed in 
greater depth in section 3.4.4. For the Lo domains probed by GFP-GPI, the 
EArr values are all higher than those of the Ld phase (Fig 3.5), which is due to 
the high-melting sphingolipids and cholesterol molecules in the Lo domains 
that pack together more tightly in a highly ordered manner. We observe 
variation in the ratios of unsaturated to saturated SM lipids (Fig 3.11, bottom 
right) which does not correlate to the EArr values obtained for the cell lines 
probed with GFP-GPI (Fig 3.5). This shows that lipid packing in domains is a 
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complex outcome that is not simply dependent on the degree of saturation of 
lipids. Other factors like curvature and the existence of lipids with smaller 
polar heads also introduce lipid packing defects (138), further complicating 
the situation. 
3.4.2 Membrane heterogeneity measured using imaging FCS diffusion 
law analysis 
Using imaging FCS diffusion law analysis, o values are obtained which 
allows us to probe membrane organization. FCS diffusion law analysis has 
been used in many live cell studies (139, 140), where it was found to apply 
well to the model by Wawrezinieck and colleagues (88).  
Excluding RBL, DiI-C18 exhibited free diffusion in all cell lines as o remains 
close to zero with no correlation to changes in temperature (Fig 3.6A). This 
indicates that the chemical composition of the plasma membrane is not altered, 
at least over the course of the experiments. In earlier experiments, a 
temperature-independent relationship of o for one and two component 
bilayers in the Ld phase was also described (108). Such a phenomenon only 
occurs for free diffusion where the Ld phase dominates. Surprisingly, RBL 
cells show an increasing trend, where o deviates from zero and becomes 
increasingly positive when temperature is lowered (Fig 3.6A). This is a clear 
indication that domain partitioning occurred for DiI-C18 in RBL plasma 
membranes, suggesting that a substantial number of DiI-C18 probes had 
partitioned into Lo domains. As for GFP-GPI, positive o values were obtained 
(Fig 3.6B), which supports the proposition that the GPI anchor has a 
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partitioning preference for Lo domains. Similarly, positive FCS diffusion law 
intercepts were also obtained for GFP-GPI in COS-7 cells (103, 139). 
Furthermore, we noticed a falling trend in o with temperature (Fig 3.6B). This 
is probably due to domain melting at higher temperatures (141) as the 
magnitude of o correlates with domain size and number (88). From model 
membrane studies, domains were observed to disappear at high temperatures 
(42 C) in giant unilamellar vesicles (142) and form when temperature was 
lowered in supported lipid bilayers (143). Analogous observations were made 
in cells. Based on plant study, domains increased in size and number when 
temperature was reduced (144, 145). Also, it was discovered that at lower 
temperatures, the liquid-ordered phase covered a larger area on mast cell 
plasma membrane vesicles (146). Domain melting can be attributed to a 
decrease in line tension when temperature is raised, causing the Lo-Ld 
boundary to be less distinguishable (108, 143). This leads to smaller domain 
sizes (147, 148) and/or less domains in the plasma membrane, causing the 
ordered phase to behave more like the Ld phase and o falls. Moreover, at 
lower temperatures, lipid chain order is increased (130, 149), which raises the 
likelihood of the probe partitioning into ordered domains (150). 
Lipidomic analysis of total lipid extract could provide some preliminary 
evidence that the magnitude of o is affected by differential membrane 
composition. A possible explanation could be given by the differences in line 
tension, which is an important determinant of domain size (151) and highly 
influenced by membrane composition. Line tension is a consequence of chain 
mismatch. A greater chain mismatch raises line tension, which then serves as 
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the driving force for domain coalescence to lower the domain boundary energy 
(152), thus contributing to higher o values. From Fig 3.6B, the magnitude of 
average o can be ranked: RBL  WI-38 (RBL ˃ WI-38 at 298 K) > HeLa > 
SH-SY5Y  CHO-K1. Firstly, WI-38 and RBL have lower cholesterol 
fractions than the other three cell lines (Fig 3.11, top left). Lower cholesterol 
concentrations for Lo-Ld systems would cause line tension to rise (108, 152), 
leading to larger o values. Next, it was highlighted previously that HeLa cells 
have high level of PC with 32 carbons that is on par with that of PC with 34 
carbons, a significant deviation from the other cell lines (Table 3-3, Fig 3.12). 
This might result in greater thickness mismatch since the fraction of 32-carbon 
SM lipids is very low (Table 3-3, Fig 3.13), which could possibly drive up line 
tension (143) to result in higher o. On the other hand, SH-SY5Y cells have a 
large fraction of 36-carbon SM lipids (Table 3-3, Fig 3.13) that possibly 
reduces chain mismatch by matching up with the 36-carbon PC lipids. This 
will lower line tension, thus producing smaller o values. Lastly, CHO-K1 
cells have the lowest percentage of PC lipids with short chain lengths (Fig 
3.12). Hence, smaller height mismatch could result, giving lower line tension 
that leads to smaller o values.  
We also report a significant drop in the o value of GFP-GPI transfected cells 
between 302 K and 306 K that is consistently observed in individual cells 
from each cell line (Fig 3.6B, individual cell data not shown). This 
phenomenon could be attributed to a major reorganization of plasma 
membrane components in this temperature range. However, Lee et al. showed 
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that live cell plasma membranes do not display any miscibility phase transition 
in the stated temperature range because they observed a constant rise in D with 
temperature (153). Similarly, we do not observe any abrupt changes in D (Fig 
3.4B) but o revealed a different trend even when the data is pooled (Fig 3.6B). 
Since o is an indicator of membrane heterogeneity, it is a more suitable 
parameter than D which is a function of membrane viscosity.  
3.4.3 RBL plasma membrane organization 
RBL produced intriguing results for the Ld marker, DiI-C18. Although the D 
values are similar in RBL, HeLa, WI-38 and CHO-K1 cells (Fig 3.4A, Table 3-
1), the activation energy is higher for RBL cells and approaches the value for 
GFP-GPI (Fig 3.5). Moreover, the diffusion law intercepts become 
substantially positive at lower temperatures, and show a distinct increasing 
trend with lower temperatures though they are well below the values for GFP-
GPI (Fig 3.6). A study by Sánchez-Wandelmer and colleagues showed that the 
raft fraction contains approximately 7 times more cholesterol than the non-raft 
fraction in the plasma membranes of SH-SY5Y cells (93). Moreover, the actin 
cytoskeleton associates with domains (154). Therefore, we attempted drug 
treatment to deplete cholesterol and remove the influence of the actin 
cytoskeleton using MCD and latrunculin A respectively to study RBL plasma 
membrane organization in greater depth. 
Depleting cholesterol from RBL plasma membranes probed with GFP-GPI at 
310 K did not lead to any measurable changes in D, but o fell to almost zero 
at approximately 25 minutes (Fig 3.7A). The shift to free diffusion as indicated 
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by the zero imaging FCS diffusion law intercept shows that the localization of 
GFP-GPI markers is cholesterol-dependent. Upon cholesterol depletion, the Lo 
domains dissociated, releasing the probes into the Ld environment and o of 
GFP-GPI fell. When MCD was administered to DiI-C18 stained RBL cells at 
298 K, there were no significant changes in D but a sharp drop in 0 to zero (± 
0.1 s) was registered at 5 minutes (Fig 3.7B). This drop in o provides 
evidence that at lower temperatures, DiI-C18 dynamic behaviour is influenced 
by the presence of cholesterol. Furthermore, we observed that 0 increased to 
its original value and remained stable after the drop, which can be attributed to 
the fast transbilayer diffusion of cholesterol (on the order of seconds) from the 
inner to the outer leaflet (120). Similarly, a small rise in 0 is observed for 
GFP-GPI transfected RBL cells (Fig 3.7A), but 0 did not rise to its original 
value before cholesterol depletion. The lower 0 values that result at the end of 
1 hour indicate smaller domain sizes (155) or fewer domains with cholesterol 
depletion from GFP-GPI domains. Thus, it is likely that DiI-C18 and GFP-GPI 
partitioned into different cholesterol-dependent Lo domains. This is further 
supported by the difference in magnitudes of 0 between DiI-C18 and GFP-GPI 
(Fig 3.6). A reduction in 0 but not D for DiI-C18 can be explained by the 
partial dissociation of cholesterol-dependent domains when cholesterol was 
depleted by MCD treatment (156). Thus, even after cholesterol depletion, the 
probe still diffuses within the same environment and fluidity remains 
unchanged. The changes in size and number of domains are illustrated by 
differences in 0 and not D. Disruption of the cytoskeleton in DiI-C18 stained 
RBL cells at 298 K led to a slight fall and rise in D and 0 respectively (Fig 
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3.8A). Such results indicate that DiI-C18 localization is not only cholesterol-
dependent, but also cytoskeleton-dependent. This is a huge contrast to DiI-C18 
stained CHO-K1 cells which displayed constant D and 0 regardless of either 
treatment (experiments by Shuangru Huang, data not shown).  
DiI markers of different acyl chain lengths – 12 and 22 – are employed to 
study the organization of RBL plasma membranes in greater detail. Due to the 
differences in chain length, DiI-C12 and DiI-C22 should partition into the Ld 
and Lo domains more readily respectively (121–123). In line with the 
postulation of DiI-C22 being a more probable Lo marker, the higher 0 values 
(Fig 3.9C) indicate that DiI-C22 probes are more confined in domains, which 
explains the lower D values (Fig 3.9A). The Arrhenius energy values are high 
and the same for all DiI-Cn markers (Fig 3.9B), suggesting that they localized 
in similar domains with similar properties that correspond to DOPC:DPPC 
bilayers (57.75 ± 11.70 kJ/mol) that represent the solid-ordered-liquid-
disordered (So-Ld) systems (108). Interestingly, DiI-C12 exhibited an 
unexpected slower lateral diffusive behaviour across the temperature ramp as 
compared to DiI-C18 (Fig 3.9A). In addition, 0 values are generally more 
positive for DiI-C12 compared to DiI-C18 (Fig 3.9C).  This might be a result of 
great chain mismatch between the membrane lipid chains and DiI-C12. In RBL 
plasma membranes, the predominant lipid chain length is 18 carbons, followed 
by 16 carbons (157, 158), in line with 34 carbons as the major lipid chain 
length revealed from lipidomics (Fig 3.12, 3.13). When the short chain DiI-C12 
moieties are introduced into the plasma membrane, it results in the thinning of 
the bilayer in the Ld regions. This results in severe thickness mismatch, driving 
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the exclusion of DiI-C12 molecules into domains (123) so as to reduce the 
interface area (159) and minimize the boundary energy (152). The same 
explanation could apply to DiI-C22 probes, since DiI-C12 and DiI-C22 produced 
very similar D, EArr and 0 values (Fig 3.9). The unexpected positive 0 values 
of DiI-C18 at lower temperatures could also be explained along this line. Since 
its chain length is comparable with majority of the lipids in the RBL plasma 
membrane, DiI-C18 possibly localized at the domain boundary to reduce 
interfacial tension and increase the stability of domains (160).  
Depletion of cholesterol from DiI-C12 stained RBL cells at 310 K resulted in 
an initial drop of 0 to zero (Fig 3.10A). This shows that DiI-C12 dynamic 
behaviour, and hence the domains in which DiI-C12 localize, are influenced by 
cholesterol content. However, note that at long timescales, D and 0 continued 
to fall and rise respectively with no signs of stabilizing (Fig 3.10A). A 
reduction in D suggests that the viscosity of the DiI-C12 domain increased 
(156). The removal of cholesterol by MCD will cause Lo domains to 
dissociate, releasing gel lipids into the Ld system. DiI-C12, together with these 
gel lipids and cholesterol, might then form “new” domains when cholesterol 
recovery occurs by the transbilayer diffusion of cholesterol from the inner to 
the outer leaflet (120). The introduction of gel lipids will cause D to fall due to 
increased viscosity and also cause 0 to rise since the domains formed can be 
larger or greater in number.  
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3.5 Conclusion  
By measuring plasma membrane dynamics using ITIR-FCS as characterized 
by three parameters – D, EArr and 0, we have established that different cell 
lines exhibit distinctly different physical behaviours. With elevated 
temperatures, membrane viscosity and fraction of Lo domains fall as 
demonstrated by trends of rising D and falling 0 respectively. DiI-C18 
displayed faster mobility than GFP-GPI, and together with the low and high 
EArr values for DiI-C18 and GFP-GPI respectively, we can determine that these 
probes localize in distinctly different regions that correspond well to the Ld 
and Lo phases. Interestingly, in RBL plasma membranes, DiI-C18 exhibited 
significant deviations in physical behaviour from the other cell lines. We 
obtained a high Arrhenius activation energy that tends to the value for GFP-
GPI and positive 0 values were obtained at lower temperatures. This is 
attributed due to differential lipid compositions among different cell types, as 
was partially shown through lipidomic analyses of total lipid extracts. In the 
future, a better characterization of plasma membrane lipid and protein 
composition, as well as studies of the differences between the outer and inner 
leaflet and the role of the cytoskeleton will be necessary to gain a more 
detailed picture of molecular dynamics and organization on plasma 
membranes. Nevertheless, these measurements provide a first indication that 
membrane organization is not uniform across different cell lines and the same 





4 INVESTIGATION OF THE BINDING MECHANISM OF 
SUBSTANCE P, AND THE DYNAMICS AND ORGANIZATION OF 
NEUROKININ-1 RECEPTORS IN LIVE HEK-293 PLASMA 
MEMBRANES 
4.1 Introduction 
G-protein coupled receptors (GPCRs) form the largest class of membrane 
receptors in mammalian cells (161). One common characteristic is that they 
possess seven hydrophobic transmembrane helices (162) and the N- and C-
termini are located on the extracellular and intracellular side of the plasma 
membrane respectively (163). Activation of GPCRs by agonist binding 
initiates signal transduction through heterotrimeric G proteins (1). GPCRs are 
fundamental for cell survival as they regulate most physiological functions 
including vision and reproduction (164), making them important targets of 
study in the pharmaceutical industry.  
The human neurokinin-1 receptor (NK1R) is a tachykinin receptor that 
belongs to the GPCR family under the sub-family of rhodopsin-like or family 
A receptors (165). Tachykinins are a family of peptides distributed extensively 
in the central and peripheral mammalian nervous systems (166–170). 
Substance P (SP) is an undecapeptide that belongs to the tachykinin family. It 
is the most potent agonist with the highest affinity for NK1R, hence SP is 
commonly considered to be the ligand for the physiological activation of 
NK1R (170, 171). The full-length NK1R consists of 407 amino acids (172, 
173) and it is postulated that SP binds at the second and third extracellular 
loops of the receptor, while the N-terminus would fold on top of this bound 
section to stabilize the ligand-receptor interactions (174). NK1R is coupled to 
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two main signaling pathways – the activation of phospholipase C that leads to 
a rise in intracellular calcium and inositol 1,4,5-triphosphate concentrations 
(175, 176), and the production of 3'-5'-cyclic adenosine monophosphate 
(cAMP). It is important to note that NK1R exhibits greater activity in the 
former than the later pathway (177). The activation of NK1R by SP binding 
will also trigger the fast internalization of NK1R (178, 179) with an 
approximate half-time of less than 2 minutes (180). At SP concentrations 
above 10 nM, NK1R is proposed to translocate to perinuclear endosomes for 
long durations (>30 minutes) (181). SP and NK1R are implicated in many 
bodily functions (182), but one that stands out is their involvement in cancer 
where NK1R is reported to be overexpressed in cancer cells in comparison to 
normal human cells (170). Therefore, it is important to understand the 
dynamics and organization of this receptor so as to facilitate the development 
of antagonistic drugs for effective cancer intervention.   
To our knowledge, there is a lack of studies on the dynamics and organization 
of the NK-1 receptor on live cells. Some reports have suggested the 
localization of these receptors in plasma membrane domains (180, 183, 184), 
while analyses of single molecule trajectories have revealed the vast 
heterogeneity of NK1R dynamics (185, 186). However, few investigations 
with other fluorescent techniques are conducted, where only one other known 
study involving TIRF was reported but not on live cells (187). Moreover, in 
order to design NK1R antagonistic drugs, there is a need to establish the 
mechanism by which the agonist SP binds to NK1R. Two mechanisms have 
been proposed – a membrane-mediated binding mechanism where the 
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membrane acts as a catalyst (188) or an aqueous phase approach where SP 
binds directly to NK1R from the bulk solution (189).  
In collaboration with Luc Veya and Professor Horst Vogel (École 
Polytechnique Fédérale de Lausanne, Switzerland), we investigate the binding 
mechanism of SP to NK1R on the plasma membrane of live HEK-293 cells. 
The dynamics and localization of the same receptor in different states 
(activated or non-activated) are also explored using ITIR-FCS. We hope that 
these results will supplement existing studies and further the understanding of 
NK1R organization on live plasma membranes. 
4.2 Materials and Methods 
4.2.1 Materials 
All materials used (cell lines, coenzyme A (CoA)-, SP-label conjugates and 4'-
phosphopantetheinyl transferase (PPTase)) were kindly provided by Luc Veya 
and Prof. Vogel from EPFL, unless mentioned otherwise. The NK1R in HEK-
293(ACP-NK1R) cells were comprised of an acyl carrier protein (ACP) 
consisting of 76 amino acids attached to the N-terminus and a FLAG- and a 
10xHis-tag at the C-terminus (190).  Three fluorescent labels were used – 
Alexa 488 (Alexa488), Oregon Green 488 (ORG488) and the cyanine dye, 
Cy3. Their structures are shown in Fig 4.1 below, where Alexa488 has an 
overall negative charge (191), ORG488 has no charge (192) and Cy3 has no 




Figure 4.1. Structures of fluorescent labels used. Overall, Alexa488 is 
negatively-charged, while Oregon Green 488 and Cy3 are neutral at 
physiological pH.  
4.2.2 Cell culture 
Two adherent Human Embryonic Kidney 293 (HEK-293) cell lines – HEK-
293(wt), the wild-type variant, and HEK-293(ACP-NK1R) that stably 
expressed ACP-NK1R – were used. Cells were cultured in DMEM 
(Dulbecco’s Modified Eagle Medium; Invitrogen, Singapore) medium, 
supplemented with 10% FBS (fetal bovine serum; Invitrogen, Singapore) and 
1% PS (penicillin and streptomycin; PAA Austria) (for HEK-293(wt)), or 100 
µg/mL hygromycin B (Nacalai  Tesque, Kyoto, Japan) (for HEK-293(ACP-
NK1R)) at 37 C in 5% (v/v) CO2 humidified environment. A new batch of 
cells was used after 7 to 8 passages. Cells were seeded on wells (Nunc Lab-
Tek Chambered Coverglass (8-well); Fisher Scientific, Singapore) one day 
before experiments, with an estimated confluency of at least 70 %. Generally, 
cells were plated with a high confluency of at least 70 % because HEK-293 
cells detach easily and a single cell would be more susceptible. At least 30 
cells were measured for one set of experiment. 
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4.2.3 Neurokinin-1 receptor labeling via its agonist or acyl carrier 
protein  
For NK1R labeling via its agonist SP, a 200µL solution containing the SP-
label (10nM of SP-Alexa488 or 471-628 nM of SP-ORG488) in DMEM 
supplemented with 10% FBS and 1% bovine serum albumin (BSA; Sigma 
Aldrich, Singapore) was prepared. Cells were washed gently with DMEM 
supplemented with 10% FBS and 1% BSA before adding the prepared SP 
solution. Cells were then incubated at 37 C for 15 minutes. At the end of 
incubation, the cells were washed with imaging medium (DMEM with no 
phenol red (Invitrogen, Singapore) and 1% BSA) four times before imaging 
the cells in fresh imaging medium at 298 K. BSA was used to reduce non-
specific binding of SP- or CoA-label to the glass substrate by blocking the 
available areas for non-specific binding (193). Experiments were carried out at 
room temperature to minimize NK1R internalization by endocytosis (181, 
194), hence allowing for more time to study the diffusion of NK1R accurately.  
For NK1R labeling via ACP labeling (195), a 200µL solution containing 10 
mM magnesium chloride solution (Sigma Aldrich, Singapore), 1 µM PPTase 
and the CoA-label (0.5-1 µM of CoA-Alexa488 or 0.9-1.3 µM of CoA-
ORG488 or 0.86 µM of CoA-Cy3) in DMEM supplemented with 10% FBS 
and 1% BSA was prepared. Cells were washed gently with DMEM 
supplemented with 10% FBS and 1% BSA before adding the prepared CoA 
solution. Cells were then incubated at 37 C for 15 minutes. At the end of 
incubation, the cells were washed with imaging medium (DMEM with no 
phenol red and 1% BSA) four times before imaging the cells in fresh imaging 
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medium at 298 K. The reaction that occurs during ACP labeling is depicted in 
Fig 4.2, where 4’-phosphopantetheine from the CoA-label conjugate was 
enzymatically transferred to the ACP fused to the protein-of-interest, which is 
NK1R here. 
 
Figure 4.2. Schematic depicting ACP labeling of NK1R. Adapted with 
permission from (195). Copyright (2004) American Chemical Society.  
For experiments that involved ACP-labeled NK1R activation by addition of 
SP, ACP-labeling was carried out first as described above. Cells were then 
washed once with DMEM supplemented with 10% FBS and 1% BSA before 
adding SP (Sigma Aldrich, Singapore) that has no fluorescent labels attached 
(referred as unlabeled SP) that follows the protocol for NK1R labeling via its 
agonist SP. 
4.2.4 MCD treatment 
MCD (Methyl--cyclodextrin; Sigma-Aldrich, Singapore) solution was 
prepared by dissolving in PBS (phosphate-buffered saline; Fluka 
Biochemicals, Singapore) and further diluted with imaging medium to make a 




4.3.1 Experiments using Alexa 488 as the fluorescent label 
In order to investigate the binding mechanism of SP to NK1R – whether the 
former binds to the latter directly from the bulk solution or to the membrane 
first, SP tagged with Alexa488 (SP-Alexa488) is added to HEK-293(wt) cells 
which do not produce any endogenous NK1R (196). If SP binding is 
membrane-mediated, SP is expected to bind to the plasma membrane before it 
binds to NK1R. However, from Fig 4.3 (top left), it is clear that the 
fluorescence in the areas outside the cell is much higher. Moreover, no 
autocorrelations can be obtained when a ROI image stack is taken on the cell, 
supporting the fact that SP-Alexa488 does not bind to HEK-293(wt) plasma 
membranes in the absence of NK1R. In contrast, adding SP-Alexa488 to 
HEK-293(ACP-NK1R) cells gave higher cell intensities relative to the glass 
surface (Fig 4.3, bottom far left) and autocorrelations can be obtained. On the 
other hand, cells are clearly fluorescent when NK1Rs are labeled via the ACP 
labeling method using CoA-Alexa488 (Fig 4.3, bottom row). As a control, 
CoA-Alexa488 is also added to HEK-293(wt) cells to see if ACP labeling 
might have been achieved for other proteins or receptors on the plasma 
membrane. It was shown that ACP labeling is specific to the NK1Rs generated 
on the stably expressing HEK-293(ACP-NK1R) cell line because only areas 
outside of HEK-293(wt) cells were fluorescent (Fig 4.3, top right) and no 
autocorrelations are obtained on ROIs on the cell. One notable observation is 
that vesicles or aggregates are observed in ACP-NK1R cells with SP-
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Alexa488, while no such visible structures are observed for CoA-Alexa488 
labeled ACP-NK1R cells (Fig 4.3, bottom row).  
 
Figure 4.3. Cell images of HEK-293(wt) (top row) and HEK-293(ACP-
NK1R) (bottom row) with SP- or CoA-Alexa488. (Top left) SP-Alexa488 
does not bind to HEK-293(wt) cell membranes in the absence of NK1R and 
attaches to the glass substrate. (Top right) CoA-Alexa488 does not bind to 
HEK-293(wt) cell membranes in the absence of NK1R. (Bottom far left) 
Vesicles or aggregates are observed in HEK-293(ACP-NK1R) cells where 
NK1Rs are activated by SP-Alexa488. (Bottom middle left) Non-activated 
receptors labeled by CoA-Alexa488 exhibit homogenous distribution of 
NK1Rs. (Bottom right) Regardless of the concentration of unlabeled SP used, 
activated Alexa488-labeled receptors exhibit homogeneous distribution unlike 
SP-labeled activated receptors.  
D and 0 are obtained from a single measurement on one cell. At least 30 cells 
are measured and the respective distributions are presented in box plots shown 
in Fig 4.4. From Fig 4.4 (top), the D distribution for non-activated receptors is 
higher than activated receptors. These data show that NK1R diffuse more 
slowly upon stimulation by agonist binding. Meanwhile, 0 are all positive, 
indicating domain confinement for NK1R regardless of the activation state. 
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From Fig 4.4 (bottom), 0 is higher for activated receptors in comparison to 
that for non-activated receptors. This indicates greater degree of domain 
confinement for activated receptors, which is possibly due to the formation of 
more and/or larger NK1R domains upon receptor activation.  
 
Figure 4.4.  Box plots showing the distributions of the diffusion coefficients 
(top) and imaging FCS diffusion law intercepts (bottom) for HEK-293(ACP-
NK1R) cells treated with SP-, CoA-Alexa488 and unlabeled SP (20 nM and 
85 nM).The number of cells measured are (from left to right) 32, 61, 47 and 38 
cells respectively.  
In experiments involving CoA-Alexa488 and unlabeled SP, two distinct 
populations – slower and faster – can be identified according to their D values 
(Fig 4.5 and 4.6, top). After identifying these populations, the slower 
population (blue) was found to give larger 0 values than the faster population 




Figure 4.5. Histograms plotting the frequency distributions of Alexa488-
labeled NK1R activated with unlabeled SP (20 nM) according to the diffusion 
coefficients (top) and imaging FCS diffusion law intercepts (bottom), where 
the slower (blue; 26 cells) and faster (red; 21 cells) populations are determined 
from the diffusion coefficients.  
 
Figure 4.6. Histograms plotting the frequency distributions of Alexa488-
labeled NK1R activated with high concentration of unlabeled SP (85 nM) 
according to the diffusion coefficients (top) and imaging FCS diffusion law 
intercepts (bottom), where the slower (blue; 32 cells) and faster (red; 6 cells) 
populations are determined from the diffusion coefficients.  
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The size of the faster population reduced when the concentration of agonist is 
increased (Fig 4.5, 4.6, Table 4-1). From Table 4-1, it is also interesting to 
note that the average diffusion coefficients and diffusion law intercepts of the 
faster population correspond very well to that obtained for non-activated 
NK1R (0.12 ± 0.03 µm
2
/s and 1.3 ± 0.9 s respectively). This hints at the high 
likelihood that not all NK1Rs are bound and stimulated when unlabeled SP 
was added.  
Experiment Low [SP] = 20 nM High [SP] = 85 nM 
Population Slower Faster Slower Faster 
No. of cells 26 21 32 6 
Average D (µm
2
/s) 0.07 ±0.01 0.11 ± 0.08 0.08 ± 0.01 0.13 ± 0.01 
Average 0 (s) 2.6 ± 1.6 1.0 ± 0.8 2.4 ± 1.3 0.8 ± 0.5 
Table 4-1. Average D and 0 values of experiments involving Alexa488 
labeled-NK1R with different concentrations of unlabeled SP, given as mean ± 
SD.  
4.3.2 Experiments using Oregon Green 488 as the fluorescent label  
Similar to the cell images obtained when Alexa488 is the fluorescent label, 
greater intensity is exhibited in the areas outside the wild-type cell as opposed 
to areas within the cell (Fig 4.7, top). Since no autocorrelations can be 
obtained on the cell, it indicates that SP-ORG488 does not bind to the plasma 
membrane of wild-type cells in the absence of NK1R. Also, vesicles or 
aggregates are observed in ACP-NK1R cells with SP-ORG488, while such 
visible structures are not observed for CoA-ORG488 labeled ACP-NK1R cells 




Figure 4.7. Cell images of HEK-293(wt) (top row) and HEK-293(ACP-
NK1R) (bottom row) with SP- or CoA-ORG488. (Top) SP-ORG488 does not 
bind to HEK-293(wt) cell membranes in the absence of NK1R and attaches to 
the glass substrate. (Bottom left) Vesicles or aggregates observed in HEK-
293(ACP-NK1R) cells when NK1Rs are activated by SP-ORG488. (Bottom 
middle) Non-activated receptors labeled by CoA-ORG488 exhibit 
homogenous distribution of NK1R. (Bottom right) Activated ORG488-labeled 
receptors exhibit homogeneous distribution unlike SP-labeled activated 
receptors.  
Even though D values are within the same range for non-activated NK1R and 
activated NK1R labeled by SP-ORG488, activated receptors labeled by CoA-
ORG488 are clearly much slower (Fig 4.8, top). In a similar manner, although 
non-activated ACP-labeled NK1R and activated NK1R labeled by SP-
ORG488 produced similar 0 distributions, it is clear that activated ACP-
labeled NK1R displays a higher range of positive 0 (Fig 4.8, bottom). This is 
in line with the results from the Alexa488 experiments, where activated 
receptors should be confined in more and/or larger domains. The discrepancies 
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in the D and 0 values between activated receptors (SP or CoA-labeled) 
indicate that the position of the fluorescent ORG488 label affects the mobility 
and organization of NK1Rs. 
 
Figure 4.8. Box plots showing the distributions of the diffusion coefficients 
(top) and imaging FCS diffusion law intercepts (bottom) for HEK-293(ACP-
NK1R) cells treated with SP-, CoA-ORG488 and unlabeled SP (85 nM). The 
number of cells measured are (from left to right) 38, 64 and 32 cells 
respectively.  
For experiments involving CoA-ORG488 and unlabeled SP, two distinct 
populations – slower and faster – can be identified according to their D values 
(Fig 4.9, top). After identifying these populations, it is discovered that the 
slower population (blue) has larger 0 values than the faster population (red) 





Figure 4.9. Histograms plotting the frequency distributions of ORG488-
labeled NK1R activated with high concentration of unlabeled SP (85 nM) 
according to diffusion coefficients (top) and imaging FCS diffusion law 
intercepts (bottom), where the slower (blue; 20 cells) and faster (red; 12 cells) 
populations are determined from the diffusion coefficients.  
 
4.3.3 Experiments using Cy3 as the fluorescent label 
Consistent with the results obtained for Alexa488 and ORG488 experiments, 
homogenous fluorescence with no distinct vesicles nor aggregates is observed 
for CoA-Cy3 labeled ACP-NK1R cells (Fig 4.10). Since there are similar 
observations despite the use of dyes with different photochemical properties, it 
shows that the label used does not initiate the formation of foreign structures 




Figure 4.10. Cell images of HEK-293(ACP-NK1R) with CoA-Cy3. (Left) 
Non-activated receptors labeled by CoA-Cy3 exhibit homogenous distribution 
of NK1R. (Right) Similarly, activated Cy3-labeled receptors also exhibit 
homogeneous distribution.  
The D distribution of activated NK1R is lower than that of non-activated 
NK1R (Fig 4.11, top). On the other hand, the overall 0 distribution is higher 
for the activated receptors as compared to the non-activated receptors (Fig 
4.11, bottom). A very wide distribution of 0 values that ranges from negative 
to positive is obtained. This is an anomalous observation from the experiments 




Figure 4.11. Box plots showing the distributions of the diffusion coefficients 
(top) and imaging FCS diffusion law intercepts (bottom) for HEK-293(ACP-
NK1R) cells treated with CoA-Cy3 and unlabeled SP (85 nM). The number of 
cells measured are (from left to right) 50 and 52 cells.  
By looking at the individual 0 values for each cell, all three diffusion modes – 
meshwork, free and confined diffusion – are identified for non-activated Cy3-
labeled NK1R, which are indicated by negative, zero and positive 0 values 
respectively (Fig 4.12, top). The diffusion coefficients are then categorized 
into the respective diffusion modes according to their 0 values as shown in 
Fig 4.12 (bottom) but no distinct correlations can be made between the 
magnitude of D and the diffusion mode. The only feature that stood out is that 
cells with NK1R exhibiting “very confined” diffusion display the lowest D 




Figure 4.12. Histograms plotting the frequency distributions of Cy3-labeled 
non-activated NK1R according to imaging FCS diffusion law intercepts (top) 
and diffusion modes are classified according to meshwork (red; 7 cells), free 
(blue; 4 cells), confined (black; 33 cells) and very confined (green; 6 cells) 
diffusion. Diffusion coefficients are then classified according to these 
categories (bottom).  
However, upon stimulation with unlabeled SP, Cy3-labeled NK1R only 
exhibited positive 0 values (Fig 4.13, top). Generally, cells with higher 0 
values have lower D values (Fig 4.13, bottom), an expected correlation that is 
already shown for other fluorescent labels in the preceding sections. The 
results suggest that activated NK1R only exhibits confined diffusion, albeit to 




Figure 4.13. Histograms plotting the frequency distributions of Cy3-labeled 
NK1R activated with unlabeled SP (85 nM) according to imaging FCS 
diffusion law intercepts (top) and diffusion modes are classified according to 
confined (black; 39 cells) and very confined (green; 13 cells) diffusion. 
Diffusion coefficients are then classified according to these categories 
(bottom).  
In order to investigate if NK1R is located in cholesterol-dependent domains, 
MCD treatment was performed on Cy3-labeled ACP-NK1R cells to deplete 
cholesterol. Cy3 was the chosen fluorescent dye for this experiment as it 
exhibited the least amount of photobleaching as compared to Alexa488 and 
ORG488 during measurements. Measurements were made at 5-minute 
intervals after the addition of MCD to track the changes in D and 0 as a 
function of time. The experiment was repeated six times and results from one 
representative experiment are shown in Fig 4.14. Generally, two observations 
can be made from all six experiments which are also illustrated in Fig 4.14A. 
Firstly, D remains approximately the same throughout the time trace, though a 
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slight falling trend is registered towards the end. Secondly, 0 falls within the 
first 15 minutes, indicating that the receptors become less confined after 
cholesterol depletion. However, each cell exhibits different trends after the 
initial fall in 0. Despite the complex behavior, the initial fall in 0 is sufficient 








Figure 4.14. MCD treatment of HEK-293(ACP-NK1R) cells labeled with 
CoA-Cy3. Drug was added at 0 min. Measurements were taken at 5-minute 
intervals to monitor changes in 0 (red) and D (blue) with respect to time, 
where error bars depict SE and SD respectively. (A) Upon administration of 
MCD at 298 K, the cells display an initial fall in 0 and a slight rise in D. 
After the initial change, 0 showed an irregular trend while D became lower at 
the end of the time course. Data shown is for one representative experiment. 
(B) Cell images of the HEK-293(ACP-NK1R) cell before and after MCD 
treatment, where little changes in cell morphology is observed.  
4.3.4 Comparison across different fluorescent labels 
Overall, from Fig 4.15 (top), D is similar for Alexa488- and Cy3-labeled 
NK1R, while NK1Rs labeled by ORG488 are much slower. Such differences 
are also reflected in 0, where Alexa488- and Cy3-labeled NK1R exhibited 
values in the same range, while ORG488-labeled receptors exhibited values 
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that are at least 5 times larger (Fig 4.15, bottom). These results suggest the 
profound effect of the choice of dye on the dynamics and organization of the 
labeled receptor.  
 
Figure 4.15. Summary of average D (top) and 0 (bottom) across different 
fluorescent labels, presented as mean ± SD. White bars represent SP-label, 
light grey for CoA-label, grey for CoA-label + unlabeled SP (20 nM) and dark 





Since a fusion construct of ACP-NK1R is used, it is important to address if 
this construct retains the functionality of NK1R. It was affirmed that NK1R in 
the form of ACP-NK1R still functions normally, evident from the release of 
calcium ions upon SP binding (190). The labelling efficiency using the ACP 
labeling method (195) is exceptionally good (above 95 %) (190). Fig 4.3 (top 
right) shows that CoA-Alexa488 does not bind to the membrane in the absence 
of NK1R with no autocorrelations generated, further demonstrating the 
excellent specificity of the CoA-label for the ACP-NK1R fusion constructs.  
The ACP labeling method (195) presents itself as a desirable alternative over 
other in vivo fluorescent labeling techniques. One of such popular methods is 
the use of green fluorescent protein (GFP) in the form of encoded DNA 
plasmids and expressed in live cells (197). However, GFP suffers from some 
drawbacks, including low photostability and brightness (198). ACP labeling 
only targets specific proteins on the plasma membrane, thus offering better 
S/N ratios since there is no background contribution from the cytoplasm. The 
amount of protein to be labeled can also be controlled by controlling the 
concentration of CoA-label used (186). Furthermore, this method confers great 
flexibility in the choice of fluorophores.  
4.4.1 Binding mechanism of Substance P to neurokinin-1 receptors 
In order to investigate if the membrane plays a role by acting as a “catalyst” 
for the binding of SP to NK1R, SP attached to fluorescent labels (SP-label; 
where the label is Alexa488 or ORG488) is added to HEK-293(wt) cells. 
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Since fluorescence intensity is much higher around the cells than the cells 
itself (Fig 4.3, 4.7, top) and no valid autocorrelations can be obtained on ROIs 
taken on the cell, we can establish that SP does not bind to the plasma 
membrane in the absence of NK1R. As Alexa488 is negatively-charged (191), 
the possibility of electrostatic interactions influencing the nature of SP binding 
cannot be excluded. However, ORG488 is neutral (192) and also exhibited no 
binding (Fig 4.7, top). Visible fluorescence and autocorrelations obtained from 
SP-Alexa488 and SP-ORG488 experiments with HEK-293(ACP-NK1R) cells 
(Fig 4.3, 4.7, bottom) show that the fluorescent labels do not pose any steric 
hindrance in agonist binding. Moreover, Alexa488 and ORG488 were found to 
have little association with the lipid membrane from studies involving SLBs 
(199), hence they would have minimal influence on the binding of SP to the 
membrane. Therefore, our results suggest that SP does not interact with the 
plasma membrane and is likely to bind to NK1R directly from the bulk 
aqueous phase. Other papers also support the aqueous phase approach, where 
low hydrophobic binding constants of SP to SLBs indicate weak penetration 
of SP into the membrane, arguing against a membrane-mediated binding 
mechanism (189). Furthermore, in line with our TIRF images, 
tetramethylrhodamine-labeled substance P (TMR-SP) could not be detected on 
HEK-293 cells that do not express EGFP-NK1R (185) 
4.4.2 Neurokinin-1 receptor dynamics and organization 
Generally, in terms of dynamics, the diffusion coefficient of NK1R (non-
activated or activated) is around 0.1 µm
2
/s (Fig 4.15, top). Two diffusive 
components were detected using single-molecule tracking – a fast and a slow 
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component which have diffusion coefficients of approximately 0.2 and 0.01 
µm
2
/s respectively (185). As ITIR-FCS is diffraction-limited (85), we are 
unable to detect the very slow diffusing components that are confined in areas 
less than 200 nm in size. It is likely that only the fast diffusing component 
was captured by ITIR-FCS.  
Overall, we obtained positive 0 values that are indicative of domain 
localization (Fig 4.15, bottom). High FRET signals were obtained for Cy3- 
and Cy5-labeled ACP-NK1R (179), suggesting that NK1Rs are in very close 
proximity to one another on the plasma membrane. Since it was discovered 
that NK1Rs exist as monomers, the other possibility is that these receptors are 
packed closely in domains (184). True enough, evidence has emerged to prove 
the localization of NK1R in such domains. SPT studies have revealed that 
approximately 40 % of NK1R at the basal state are in confined domains (Veya 
et al., publication in progress). Co-localization of activated NK-1 receptors 
with the transferrin receptor suggested that the former internalize by clathrin-
coated pits (178, 181, 200). Similar results are obtained for NK-2 receptors 
(201), where the authors proposed that the domains in which activated NK-2 
receptors localize in might be precursors of clathrin-coated compartments. 
Kubale and colleagues have also presented evidence that suggests NK1Rs 
localize in caveolae as the presence of caveolin-1 affects the organization of 
NK1Rs (180). However, Monastyrskaya et al. showed that NK1Rs are located 
in low-density fractions devoid of caveolin (183), indicating that they localize 
in plasma membrane domains in a manner independent of caveolin. In line 
with previous evidence, our results support the localization of NK1R in 
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plasma membrane domains. It is important to note that even though 
homodimers or higher order oligomers of NK1R do not form (184), 
heterodimers of NK1R with other receptors can form, such as µ-opioid 
receptors in HEK-293 cells that co-expresses both proteins (202).  
NK1Rs labeled using CoA-Cy3 through ACP labeling produced a wide range 
of 0 values that point to all three diffusion modes (Fig 4.12). This is in 
contrast to CoA-Alexa488 and CoA-ORG which produced only positive 
intercepts (Fig 4.4, 4.8, bottom). Such a scenario is also observed for single 
molecule tracking studies, where significant heterogeneity was detected even 
in individual trajectories of SP-NK1R complexes and attributed to different 
diffusion models including directed and confined diffusion (185). Besides, all 
one-, two- and three-component models were found to be poor fits to describe 
a cumulative probability distribution of NK1Rs within an observation area, 
which points to NK1Rs demonstrating highly inhomogeneous diffusive 
behavior that varied from 0.0007 to 0.7 µm
2
/s (186). Despite the wide 
heterogeneity in dynamics, we can conclude that the majority of non-activated 
NK1Rs still reside in domains as positive 0 values dominate (Fig 4.12) and 
activated NK1Rs only exhibit confined diffusion in domains (Fig 4.13).  
When we compare the parameters before and after agonist binding, activated 
receptors generally give lower D and higher 0 in comparison to non-activated 
receptors. This is evident from the distributions of D and 0 for experiments 
involving ACP-labeled NK1R with and without unlabeled SP (Fig 4.4, 4.8 and 
4.11). It shows that upon activation by agonist binding, NK1R slows down 
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(lower D) and becomes more confined in domains (higher 0), which can be 
attributed to the formation of more and/or larger domains. This is supported by 
SPT studies conducted by Veya and colleagues, who observed a reduction in 
NK1R mobility after stimulation by SP (publication in progress). Lill’s group 
also had the same observation in which after SP binds to NK1R, diffusion of 
the newly-formed ligand-receptor complex is slower compared to its receptor-
only counterpart (185). Similarly, NK-2 receptors slowed down after agonist 
neurokinin A (NKA) binding (201). In the same paper, it was shown that the 
mobility of PC lipids increased upon the addition of NKA, which the authors 
attributed to the reorganization of NK2 receptors upon NKA binding. 
Therefore, it is likely that upon agonist stimulation, NK1Rs reorganize 
themselves such that slower dynamics and greater confinement results. In fact, 
we observed that bright vesicles or aggregates form in ACP-NK1R cells after 
the addition of SP-label (Fig 4.3, 4.7, bottom left). These are likely due to 
NK1R internalization by endocytosis, whereby the sequestration of NK1Rs 
and β-arrestins into endosomes occurs as a result of NK1R activation (203, 
204). Nevertheless, these images show that there are changes in the 
organization of NK1R on the plasma membrane after the application of SP to 
the ACP-NK1R cells.  
We do not observe distinct vesicles or aggregates in the ACP-NK1R cells with 
the CoA-label and unlabeled SP (Fig 4.3, 4.7, 4.10) because not all of the 
ACP-labeled receptors are bound to SP and non-activated receptors remain. 
For experiments involving SP-labels, only the ligand-receptor complexes will 
be visualized. In order to investigate whether all NK1Rs are bound upon the 
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addition of SP in much higher concentration, we increased the concentration 
of unlabeled SP by  4 times (20 nM vs 85 nM). Two distinct populations are 
still observed, where the faster and slower populations became smaller and 
larger respectively (Fig 4.5, 4.6). The average D and 0 of the faster population 
correspond very well to that for non-activated NK1R (Table 4-1). Hence, we 
can conclude that not all NK1Rs are stimulated upon the addition of SP. 
We also depleted cholesterol from non-activated Cy3-labeled ACP-NK1R 
cells to investigate if NK1R organization is dependent on cholesterol. From 
Fig 4.14, it is clear that 0 fell after the administration of MCD, which shows 
that the organization of NK1R on the plasma membrane is cholesterol-
dependent. This is supported by findings from other groups. FRET signals 
decreased appreciably after cholesterol depletion, which indicates that NK1Rs 
are in cholesterol-dependent domains on the plasma membrane (184).  
Moreover, upon cholesterol depletion using MCD, NK1Rs were located in 
high-density membrane fractions instead of the original low-density 
membrane fractions (183), showing that NK1R localization is affected by the 
presence of cholesterol. Filipin treatment that disrupts cholesterol-dependent 
domains in a similar way to MCD led to lower calcium response, which 
translates to lower functional activity of NK1R (183). It points to the fact that 
the clustering of NK1Rs within compact cholesterol-dependent domains is 
important for the function of NK1R.  
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4.4.3 Comparison among different fluorescent labels 
In this chapter, we have used SP-labels and CoA-labels, where the labels refer 
to Alexa488, ORG488 and Cy3 (excluding SP-Cy3 which was not available). 
For non-activated NK1R that is labeled by CoA-labels, ORG488 produced 
lower D and higher 0 values than Alexa488 and Cy3 (Fig 4.15, light grey 
bars). Similarly, for activated NK1R that is bound to SP-labels, ORG488 
produced lower D and higher 0 values than Alexa488 (Fig 4.15, white bars). 
Even for activated NK1R that is labeled by CoA-labels and bound to 
unlabeled SP, ORG488 also gave lower D and higher 0 values than Alexa488 
and Cy3 (Fig 4.15, grey and dark grey bars). Regardless of the activation state 
of NK1R and the position of the fluorescent label, ORG488-labeled NK1Rs 
portrayed a more confined environment with slower diffusion rates and larger 
diffusion law intercepts. Such results suggest that the choice of the fluorescent 
label affects the dynamics and organization of the labeled protein. One 
possible factor could be the charge of the fluorophore. From the structures of 
each label in Fig 4.1, ORG488 is the only fluorescent dye with no localized 
charges. It is probable that the charges on Alexa488 and Cy3 may have led to 
electrostatic interactions with membrane components that influenced receptor 
dynamics. There is a possibility that the attached fluorophore could pose steric 
hindrance to SP binding to NK1R. However, from the visible fluorescence and 
autocorrelations obtained from the SP-label experiments and CoA-label + 
unlabeled SP experiments with HEK-293(ACP-NK1R) cells (Fig 4.3, 4.7 and 
Fig 4.10), it is evident that the fluorescent labels do not hinder agonist binding 
to NK1R. However, we do not exclude the possibility that the size of the 




We have established that SP binds to NK1R from the aqueous phase and not 
through a membrane-mediated mechanism. These receptors are confined in 
cholesterol-dependent domains, which are postulated to be precursors of 
clathrin-coated pits as NK1R internalize via a clathrin-mediated pathway (178, 
181, 200). Overall, activated receptors diffuse more slowly than non-activated 
receptors, and greater extent of confinement is exhibited for activated 
receptors. However, ITIR-FCS is spatially-limited and we recognize that the 
full range of NK1R dynamics may not be probed as SPT studies have revealed 
the highly heterogeneous dynamic nature of these receptors (185, 186). 
Generally, ORG488 experiments produce lower D and higher 0 values than 
Alexa488 and Cy3 experiments, suggesting that the choice of fluorescent label 
is crucial. The use of more fluorescent labels with different properties should 
be explored to further probe into this intriguing phenomenon, whereby the 
levels of calcium signaling could also be measured to see if the choice of label 






5 CONCLUSION  
In the study of important cellular processes such as cell signaling where 
interactions among proteins and lipids are known to play a significant role 
(205), there is an immense need to obtain a good understanding of plasma 
membrane dynamics and organization. Live membrane studies were carried 
out using ITIR-FCS. Firstly, the temperature-dependent behavior of membrane 
diffusion in various cell lines (HeLa, SH-SY5Y, WI-38, CHO-K1 and RBL) 
was established and different cell lines were shown to exhibit different 
diffusive behavior across a range of temperatures. The variation in physical 
parameters (D, EArr and 0) across the cell lines at the same temperature 
showed that membrane dynamics was influenced by the unique chemical 
composition of each cell line. Secondly, changes in the dynamics of the 
different states (activated and non-activated) of NK1R were detected. The 
choice of fluorescent label (Alexa488, ORG488 or Cy3) affected NK1R 
dynamics, which could be due to differences in the charge or size of the 
fluorophore. Overall, we have shown that the choice of cell line and 
fluorescent label is crucial for any biophysical fluorescence measurements. 
The former relates to differential membrane chemical composition and the 
latter comes with different chemical and physical properties, all of which 
influence membrane probe dynamics and localization. This has repercussions 
not only for FCS, but all fluorescent techniques and highlights the need for 
more extensive controls in such biophysical studies involving labeled proteins. 
NK1R seemed to reside in different domains of varying confinement 
depending on its activation state. We cannot exclude the possibility that this 
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transition from the non-activated to the activated state could be influenced by 
the aforementioned factors.  
All in all, ITIR-FCS has presented itself to be a useful technique, which can be 
adapted for different membrane studies. One experiment generates hundreds 
of ACFs, which then allows for the collection of multiple parameters including 
D, EArr and 0. The imaging FCS diffusion law proved to be a valuable tool in 
identifying membrane organization despite the limitation of a diffraction-
limited microscopic technique. Therefore, we are able to probe mesoscale 
plasma membrane dynamics and organization without the need for 
sophisticated technology. Nevertheless, this spatial limitation could be 
surpassed with the aid of super-resolution microscopy. For example, STED-
RICS (stimulated emission depletion-raster image correlation spectroscopy) 
offers not only the option to perform multiplexing, it also confers enhanced 
spatial resolution (206). The coupling of super-resolution techniques with 
faster cameras would allow us to probe fast dynamics down to the nanoscopic 
level. Such methods that provide the desired high spatial and temporal 
resolution will prove to be exceptionally valuable in future biophysical studies 
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